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20.  Ionospheric  scintillation  analyses  have  been  conducted  on 
several  fronts,  and  are  discussed  here  in  the  light  of: 

(1)  recent  observations ,  current  theories,  and  coordinated 
studies  of  equatorial  scintillations ;  (2)  morphology  and 
analytical  formulas  at  high  latitudes ;  (3)  measurements 
associated  with  ionospheric  heating.  F-region  irregulari¬ 
ties  are  viewed  from  the  concepts  of  localized  origin  of 
patches,  in-si tu  spectral  measurements,  and  coexistence  of 
km-  and  m-scale  irregularities.  The  dynamics  of  equatorial 
patch  formation,  motion,  and  decay  are  also  discussed . 
Generation  of  irregularities  during  underdense  heating  was 
observed  for  the  first  time.  Total  electron  content  data 
have  been  utilized  to  derive  the  statistics  of  the  vari¬ 
ability  of  ionospheric  time  delay  in  the  Mediterranean 
region  for  the  current  solar  maximum  period.  The  implica¬ 
tions  of  the  results  on  modern  satellite  ranging  systems 
are  discussed . 
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SUMMARY 


Ionospheric  scintillation  and  total  electron  content  variability 
analyses  have  been  conducted  on  several  fronts. 

Coordinated  phase  and  amplitude  scintillation  and  multitechnique 
irregularity  measurements  have  been  performed  in  the  equatorial  region. 
The  multi  technique  measurements  include  radar  backscatter,  rocket  and 
satellite  in-situ,  airglow,  and  ionosonde.  These  studies  have  pro¬ 
vided  much  insight  into  the  transionospheric  radio  wave  propagation 
problems  associated  with  irregularities  in  the  nighttime  equatorial  F 
region.  The  relationship  between  plasma  depletions,  3-m  irregularity 
structures,  and  bursts  of  scintillation  activity  (patches)  leads  to 
the  association  of  different  phenomena  sensitive  to  different  scale- 
lengths  of  the  irregularities.  The  information  on  the  varying  be¬ 
havior  of  these  scale-sizes  are  discussed  in  the  context  of  current 
theories  of  plasma  instability.  The  coordinated  measurements  have 
been  integrated  to  study  the  time  development,  motion,  and  decay  of 
the  irregularity  structures. 

A  large  data  base  of  137  MHz  observations  at  three  sites  along 
the  70°W  meridian  has  made  it  possible  to  develop  a  morphology  of 
scintillations  as  a  function  of  time  of  day,  season,  and  magnetic 
activity.  These  were  then  formulated  into  empirical  analytical 
models  for  each  station,  subject  to  varying  irregularity  configura¬ 
tions. 

Scintillation  measurements  conducted  during  ionospheric  heating 
by  high  power  high  frequency  radio  waves  are  used  to  explore  artifi¬ 
cial  irregularities  generated  in  the  overdense  and  underdense  cases 
of  heating.  A  portion  of  these  results  are  applicable  to  the  proposed 
Solar  Power  Satellite  (SPS). 

Faraday  rotation  measurements  of  VHF  radio  waves  from  the  SIRIO 
satellite  have  been  used  to  determine  the  statistics  of  variability  of 
ionospheric  time  delay  in  the  Mediterranean  region  for  the  current 
solar  maximum  period  (solar  maximum  1978-79).  The  implications  of 
these  results  on  modern  satellite  ranging  systems  are  discussed. 
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The  Localized  Origin  of  Equatorial  F  Region  Irregularity  Patches 
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J.  P.  McClure 

l  niversitv  of  Texas  at  Dallas.  Richardson .  Texas  740H0 

An  intensive  study  of  nighttime  irregularities  of  electron  density  in  the  equatorial  ionosphere  was 
performed  in  October  1976  by  making  50-MHz  radar  backscattcr  measurements  at  Jicamarca,  Peru,  and 
scintillation  measurements  of  249-MHz  transmissions  from  Les  9  at  two  ground  stations  (Ancon  and 
Huancayo.  both  in  Peru)  as  well  as  by  aircraft  flying  in  the  vicinity  of  the  stations  The  137-MHz 
scintillations  from  the  orbiting  Wideband  .satellite  were  also  recorded  at  Huancayo.  The  results  of  such 
measurements  made  on  October  16-17.  1976.  are  discussed  in  this  report.  We  find  that  on  this  particular 
night  a  large-scale  irregularity  patch  evolved  first  in  the  west,  as  was  detected  by  the  radar  at  Jicamarca. 
and  drifted  eastward  to  cause  successive  onsets  of  scintillation  activity  on  propagation  paths  from  Ancon 
and  Huancayo  The  observations  indicate  the  east-west  dimension  of  the  large-scale  structure  to  be  400 
km  drifting  eastward  at  a  speed  of  approximately  100  m/s.  having  a  lifetime  of  several  hours,  and 
containing  a  hierarchy  of  irregularity  scale  sires  in  the  range  of  kilometers  to  meters  causing  both 
scintillations  at  249  MH/  and  radar  backscattcr  at  $0  MHz 


Introduction 

Theoretical  studies,  computer  modeling,  and  experimental 
observations  through  radar  backscattcr  and  rocket  and  satel¬ 
lite  in  situ  measurements  have  provided  a  greater  insight  into 
the  formation  of  those  equatorial  irregularities  which  lead  to 
deep  scintillation  of  UHE  and  microwave  transmissions 
through  the  ionosphere  (see  review  by  Basu  and  Kelley  [I977J 
and  references  therein)  The  picture  that  emerges  from  these 
studies  points  to  large-scale  irregularity  structures,  tilted  usu¬ 
ally  to  the  vv esl.  having  an  east-west  dimension  of  up  to  several 
hundred  kilometers  extending  to  altitudes  as  high  as  1000  km, 
and  containing  a  hierarchy  of  irregularity  scale  sizes  in  the 
range  of  scve.al  tens  of  kilometers  to  a  few  meters.  Such 
irregularities  of  ionization  are  thought  to  result  from  the  gen¬ 
eration  of  large-scale  plasma  depletions  in  the  boltomside 
ionosphere  which  rise  rapidly  upward  against  gravity,  like 
‘bubbles'  or  plumes."  into  the  topside  ionosphere. 

Scintillation  activity  in  a  transionosphenc  VHF/UHF  com¬ 
munication  l.nk  results  when  the  electron  density  deviation 
XV  of  irregularities  with  a  scale  size  of  about  I  km  is  suf¬ 
ficiently  large  It  is  well  known  that  at  night  in  the  equatorial  F 
region,  strong  irregularities  of  electron  density  with  different 
scale  sizes  exist,  and  these  irregularities  are  most  commonly 
observed  to  have  a  monotonic  power  law  spectrum  [McClure 
ami  Hanson.  1973;  Dyson  et  al .  1974).  By  considering  the 
above  irregularity  power  spectrum,  Basu  and  Basu  [  1976)  dem¬ 
onstrated  that  the  in  situ  AA  measurements  are  compatible 
with  the  simultaneous  ground-based  scintillation  observations 
at  6  GHz.  In  view  of  the  above  studies,  one  can  assume  the 
coexistence  of  irregularities  in  the  scale  size  range  of  several 
tens  of  kilometers  to  several  meters,  although  the  in  situ  obser¬ 
vations  referenced  above  indicate  that  in  certain  (exceptional) 
cases,  irregularities  may  have  most  of  their  spectral  power 
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either  above  or  below  a  scale  size  of  the  order  of  I  km.  In 
general  then,  microwave  fadings  are  likely  to  be  associated 
with  the  plume  structure  seen  on  50-MHz  backscatter  as  was 
predicted  by  Woodman  and  La  Hoz  [1976).  Under  those  back¬ 
scatter  conditions  when  the  plumes  do  not  extend  far  into  the 
topside  ionosphere  but  still  the  product  of  thickness  and  A.V  is 
large,  microwave  fadings  may  also  result.  Most  of  the  theoreti¬ 
cal  studies  deal  with  the  generation  and  motion  of  the  small- 
scale  structures  within  a  large-scale  bubble  or  patch  [  Woodman 
and  La  Hoz.  1976;  McClure  et  al..  1977).  In  this  report  it  will 
be  shown  that  the  generation  of  a  large-scale  bubble  can  be 
very  localized  and  that  a  bubble  can  maintain  its  integrity  for 
several  hours  during  its  eastward  motion. 

Observations 

(j round  Measurements 

A  series  of  50-MHz  radar  backscatter  observations  from  the 
Jicamarca  Observatory  of  the  Instituto  Geofisico  del  Peru  was 
made  over  a  period  of  2  weeks  in  conjunction  with  a  large- 
scale  ground  and  airborne  campaign  to  study  scintillations.  On 
the  ground,  observations  were  made  of  the  synchronous  satel¬ 
lite  Les  9  beacon,  transmitting  at  249  MHz,  from  two  different 
sites.  Ancon  and  Huancayo,  both  in  Peru,  and  also  of  the 
orbiting  Wideband  satellite  transmissions  at  137  MHz  from 
Huancayo.  Figure  I  shows  the  geometry  and  geography  of  the 
observations.  The  400-km  subionospheric  intersections  of  the 
propagation  paths  from  Ancon  and  Huancayo  to  Les  9  and 
the  subionospheric  tracks  of  the  Wideband  satellite  transit  are 
shown  The  Jicamarca  vertical  intersection  is  farthest  west, 
while  the  two  oblique  paths  to  Les  9  are  to  the  east  of  Jica¬ 
marca.  If  the  time  of  sunset  determines  the  timing  of  appear¬ 
ance  of  irregularities,  then  the  Huancayo  path  should  observe 
scintillations  first,  followed  by  Ancon,  and  finally,  Jicamarca 
would  record  backscatter  from  irregularities. 

Figure  2  shows  the  results  of  simultaneous  radar  and  scintil¬ 
lation  measurements  made  on  October  16-17,  1976.  The  lop 
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Fig.  I .  Geometry  of  radar  backscatter  and  scintillation  measure¬ 
ments  on  October  16-17.  1976.  The  ground  locations  of  Jicamarca 
(Jl).  Ancon  (AN),  and  Huancayo  (HU)  are  indicated.  The  suh- 
ionospheric  locations  (400  km)  of  Les  9  observations  from  Ancon  and 
Huancayo  between  0100  and  0500  UT  are  shown  The  subionospheric 
tracks  of  the  Wideband  satellite  between  0319  and  0332  UT  corre¬ 
sponding  to  300,  400,  and  600  km  are  also  shown.  The  western 
coastline  of  South  America  is  indicated  for  reference  purposes. 

panel  shows  the  rangc-time-intcnsity  plot  of  50-MHz  back- 
scatter  obtained  at  Jicamarca.  Since  the  original  digital  power 
maps  [Woodman  and  La  Ho:,  I976J  are  difficult  to  reproduce, 
we  have  redrawn  these  and  displayed  the  echo  intensity  at  only 
three  logarithmic  power  levels  relative  to  the  approximate 
maximum  incoherent  scatter  level.  The  next  two  panels  illus¬ 
trate  the  time  variation  of  scintillation  index  SI  (in  decibels) 
recorded  at  Ancon  and  Huancayo  on  propagation  paths  to  l  es 
9.  Comparing  the  three  panels,  we  find  that  the  initial  appear¬ 
ance  of  backscatter  in  the  Jicamarca  radar  is  followed  by  the 
onset  of  scintillations  at  Ancon  and  finally  at  Huancayo; 
clearly,  a  localized  irregularity  patch  was  generated  over  Jica¬ 
marca  or  to  the  west  of  it  an i  has  moved  eastward.  This  is  of 
course  based  on  the  usually  justifiable  assumption  that  the 
kilometer-size  irregularities  causing  scintillations  coexist  with 
3-m  irregularities  giving  rise  to  50-MHz  backscatter.  Using 
the  geometry  of  Figure  I  and  the  timing  of  the  onsel  of  irreg¬ 
ularities.  we  measure  an  average  eastward  drift  speed  of  (he 
irregularity  structure  as  100  m/s.  The  cross-correlation  analy¬ 
sis  of  scintillation  data  acquired  at  Ancon  by  use  of  antennas 
separated  by  366  m  in  the  east-west  direction  on  October 
16-17,  1976.  also  provides  an  average  eastward  drift  speed 
of  1 16  m/s.  This  is  in  agreement  with  the  previously  reported 
values  of  Woodman  |I972|.  When  (he  duration  of  the  scintil¬ 
lation  event  is  combined  with  the  observed  drift  speed,  the 
patch  dimension  in  the  east-west  direction  is  found  to  be 
about  400  km.  The  correspondence  between  the  radar  map  of 
Jicamarca  and  the  scintillation  measurements  at  Huancayo 
with  a  delay  of  90  min  indicates  that  the  irregularity  structure 
retained  its  integrity  between  the  two  stations  for  at  least  It 
hours.  The  total  of  3  hours  between  the  first  appearance  of  a 


plume  at  Jicamarca  and  the  end  of  scintillation  al  Huancayo 
indicates  that  the  total  lifetime  of  the  irregularity  patch  may  he¬ 
al  least  3  hours. 

On  October  16-17,  1976,  scintillations  of  the  137-MH/ 
transmissions  from  the  orbiting  Wideband  satellite  were  re¬ 
corded  at  Huancayo  between  0320  and  0332  UT.  In  Figure  I 
the  subionospheric  tracks  of  the  satellite  transit  corresponding 
to  three  ionospheric  heights,  300,  400.  and  600  km,  are  shown 
The  portion  of  the  track  marked  by  the  solid  line  indicates  the 
presence  of  scintillation,  while  the  dotted  line  indicates  the 
absence  of  any  scintillation.  Considering  the400-km  track,  we 
find  that  scintillations  were  extant  between  66°W  and  72°W  If 
we  assume  that  the  irregularity  structure  front  (eastern  edge) 
causing  the  onset  of  Les  9  scintillations  at  Huancayo  had 
reached  the  66° W  location  at  0320  UT.  a  drift  speed  of  160 
m/s  for  the  irregularity  patch  is  obtained  This  speed  is  consid¬ 
erably  higher  than  that  derived  previously  for  the  patch  during 
its  passage  from  Ancon  and  Huancayo  From  Figure  I  we  find 
that  in  view  of  the  low  elevation  angle  of  the  transit  the 
subionospheric  tracks  for  the  three  altitudes  are  considerably 
displaced  This  poses  problems  in  locating  the  irregularity 
structure  and  deriving  the  drift  speed.  For  example,  il  we 
consider  the  300-km  track,  a  drift  speed  of  1 10  m/s.  more  in 
accord  with  the  previously  derived  drift  speed,  may  be  ob¬ 
tained.  The  latitudinal  extent  of  the  track  exhibiting  scintilla¬ 
tions  is  found  to  be  about  20°  Owing  to  the  low  elevation 
angle  of  the  satellite,  there  exists  the  possibility  that  the  satel¬ 
lite  will  encounter  discrete  irregularity  patches,  and  hence  it  is 
difficult  to  arrive  at  a  definite  conclusion  regarding  the  latitudi¬ 
nal  extent  of  a  single  patch 

Airborne  Measurements 

Two  aircraft  were  used  to  observe  scintillations  from  Les  9. 
one  from  the  Air  Force  Avionics  Laboratory  (AFAL)  and  the 
other  from  the  Air  Force  Geophysics  Laboratory  (AFGL) 
The  subionospheric  flight  paths  of  the  AFAL  and  AFGI. 
aircraft  are  shown  in  Figure  3a.  The  heavy-lined  portions  of 
the  track  signify  the  presence  of  scintillations  in  excess  of  12 
dB,  the  moderately  heavy  lines  indicate  6-  to  8-dB  scintilla¬ 
tions.  and  the  thin  lines  represent  the  absence  of  any  scintilla¬ 
tions  In  Figure  36  we  show  the  lime  variation  of  scintillation 
as  recorded  by  the  AFGL  aircraft.  The  aircraft  flew  on  parallel 
paths  such  that  the  initial  portion  of  either  subionospheric 
track  was  inclined  at  about  10°  to  the  east  of  the  magnetic 
meridian,  while  the  later  portion  of  the  track  was  approxi¬ 
mately  in  the  magnetic  east-west  direction.  From  Figure  36  as 
well  as  the  flight  path  map  it  may  be  noted  that  the  AFGI 
aircraft  encountered  two  scintillation  events,  the  initial  event 
being  in  excess  of  12  dB  and  the  later  event  having  a  level  of 
about  8  dB,  The  subionospheric  flight  map  of  the  AFAL 
aircraft  shows  that  it  also  encountered  one  strong  and  one 
weak  irregularity  patch.  The  propagation  path  from  the 
AFAL  aircraft  to  Les  9  seems  to  have  entered  the  eastern  edge 
of  a  strong  irregularity  patch  at  0210  UT  and  to  have  emerged 
from  il  al  0306  UT.  Strong  scintillations  as  high  as  25  dB  were 
recorded  by  the  AFAL  aircraft  during  some  periods  between 
0212  and  0303  UT.  The  AFGL  aircraft,  flying  to  the  east  of  the 
AFAL  aircraft,  recorded  strong  scintillations  between  0248 
and  0329  UT.  If  we  consider  that  the  eastern  edge  of  the  strong 
irregularity  patch  initially  detected  by  the  AFAL  aircraft  at 
0212  UT  drifted  eastward  to  the  subionospheric  location  of  the 
AF'GL  aircraft  propagation  path  at  0248  UT,  then  un  east¬ 
ward  drift  speed  of  100  m/s  is  obtained.  Further,  if  we  assume 
that  the  irregularity  patch  extended  southward  all  the  way  to 
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Fig  2.  Temporal  variation  of  the  50-M  Hz  radar  backscatter  observed  at  Jicamarca  and  scintillation  index  SI  (in  decibels ) 
of  the  249-MHz  transmissions  from  the  Les  9  satellite  recorded  at  Ancon  and  Huancayo  on  October  16-17,  1976. 


the  magnetic  equator,  then  the  ends  of  the  first  scintillation 
event  recorded  by  both  aircraft  are  to  be  related  to  the  passage 
of  the  western  edge  of  the  patch.  Considering  the  duration  of 
the  scintillation  event  with  the  derived  drift  speed  an  east-west 
patch  dimension  ranging  from  250  to  300  km  is  obtained.  This 
is  consistent  with  the  typical  data  from  the  AE-C  satellite 
presented  by  McClure  el  al.  [1977],  The  irregularity  patch 
detected  by  the  AFGL  aircraft  was  located  approximately  10° 
north  and  4°  west  of  Jicamarca,  the  position  of  which  is 
indicated  in  the  diagram.  Irregularities  of  kilometer  scale  size 
arc  expected  to  be  field  aligned,  and  these  field  lines  puss  over 
the  equator  at  altitudes  of  approximately  600  km.  Considering 
the  drift  speed  of  100  m/s  these  field  lines  should  have  drifted 


eastward  to  the  Jicamarca  meridian  at  about  0400  UT.  The 
radar  map  obtained  at  Jicamarca  does  not,  however,  exhibit 
the  presence  of  any  3-m  irregularities  at  this  time.  It  is  not  clear 
whether  the  absence  of  3-m  irregularities  is  related  to  the  decay 
of  the  patch  during  its  passage  to  the  Jicamarca  meridian  or 
whether  the  irregularity  power  spectrum  had  little  spectral 
power  at  the  meter  wavelength  end.  Comparison  of  irregular¬ 
ity  spectral  power  at  kilometer  and  meter  wavelengths  in  the 
equatorial  ionosphere  is  being  actively  pursued  |  Woodman  and 
Haxu.  1977). 

Over  the  magnetic  east-west  portion  of  the  flight  paths, 
weak  scintillations  were  recorded  by  both  aircraft.  The  mea¬ 
surements  indicate  that  the  AFGL  aircraft  encountered  8-dB 
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Fig.  3o.  Scintillation  measurements  of  the  249- MH/  transmis¬ 
sions  from  the  Les  9  satellite  made  on  October  16-17.  1976.  with 
aircraft  flown  by  the  Air  Force  Geophysics  Laboratory  (AFGL)  and 
the  Air  Force  Avionics  Laboratory  (AFAL)  The  subionospheric  (300 
km)  flight  paths  of  the  two  aircraft  are  shown 

scintillation  levels  whereas  the  AFAL  aircraft  encountered  6- 
dB  levels,  although  the  latter  path  was  closer  to  the  magnetic 
equator.  Since  the  two  aircraft  did  not  cross  the  same  meridian 
at  the  same  time,  it  is  difficult  to  separate  the  spatial  and 
temporal  variation  and  to  comment  on  the  latitude  varia¬ 
tion  of  the  irregularity  strength.  During  the  eastward  flight 
the  AFGL  and  AFAL  aircraft  crossed  the  Jicamarca  meridian 
at  0450  UT  and  0520  UT.  respectively,  and  delected  about 
6-dB  scintillations.  The  Jicamarca  radar  did  not  detect  any 
3-m  irregularity  structure  at  this  time.  This  is  not  surpris¬ 
ing  in  view  of  the  low  level  of  scintillations  observed. 

The  initial  appearance  of  plumes  in  the  early  part  of  the 
night  at  the  westernmost  location  of  Jicamarca  as  observed  on 
October  16-17.  1976.  should  be  viewed  as  an  exception  rather 
than  as  the  rule.  In  general,  the  activity  on  a  given  night  starts 
on  the  eastward  propagation  path  before  it  starts  on  the  west. 
The  illustration  shown  in  the  work  of  Bandyopadhyay  and 
Aarons  [  1970)  indicates  that  for  only  20%  of  the  time,  satellite 
scintillations  on  a  westward  propagation  path  start  before 
those  on  an  eastward  propagation  path. 

In  order  to  illustrate  this  aspect  of  the  problem  we  compare 
simultaneous  radar  backscatter  and  scintillation  measure¬ 
ments  made  on  October  17,  1973,  3  years  earlier  than  the 
present  set  of  observations.  The  bottom  panel  of  Figure  4 
shows  that  on  this  night,  radar  backscatter  measurements  were 


made  at  Jicamarca  (M 'oodman  and  La  Ho:.  1976]  and  simulta¬ 
neous  scintillation  measurements  were  made  at  Huancayo 
with  the  137-MHf  transmissions  from  ATS  3  and  the  254- 
MHr  transmissions  from  Les  6  The  subionospheric  locations 
of  ATS  3  and  Les  6  corresponding  to  an  ionospheric  height  of 
350  km  are  indicated  in  the  diagram.  The  top  panel  shows  the 
range-tiine-intensity  plots  of  3-m  irregularity  structure  ob¬ 
tained  with  the  50-MHi  radar  at  Jicamarca.  It  may  be  ob¬ 
served  that  a  thin  irregularity  structure  evolved  at  1925  LT. 
persisting  until  about  2000  L.T,  when  a  plume  structure  devel¬ 
oped  The  second  panel  shows  the  development  of  137-MH/ 
scintillation  at  Huancayo.  the  subionospheric  location  of  AT  S 
3  being  1.9“  to  the  east  of  Jicamarca  It  may  be  noted  that 
scintillations  on  ATS  3  developed  after  2010  LT  and  a  sharp 
increase  from  6  to  22  dB  occurred  after  2030  LT.  When  the  top 
two  panels  are  compared,  it  is  found  that  scintillations  imme¬ 
diately  to  the  east  of  Jicamarca  occurred  after  the  development 
of  irregularity  structure  over  Jicamarca.  It  we  assume  that  the 
plume  structure  observed  over  Jicamarca  drifted  eastward  to 
cause  the  sudden  increase  of  scintillation  on  ATS  3.  a  drift 
speed  of  116  m/s  is  obtained  If  we  now  observe  the  third 
panel,  which  shows  the  development  of  254-MH?  scintillation 
on  Les  9,  the  subionospheric  location  being  far  to  the  east  with 
a  longitude  separation  of  4°  16'  from  Jicamarca.  we  find  that 
the  onset  of  Les  6  scintillation  occurred  slightly  earlier  than  the 
onset  of  ATS  3  scintillation  at  Huancayo  This  scintillation 
structure  (marked  A  in  Figure  4)  observed  on  the  Les  6  propa¬ 
gation  path  cannot  be  associated  with  the  drifting  irregularity 
structure  observed  over  Jicamarca  but  must  have  been  caused 
by  an  independent  irregularity  structure  developing  to  the  east 
of  the  Huancayo  ATS  3  ray  path.  In  fact,  the  second  scintilla¬ 
tion  structure  observed  on  the  Les  6  propagation  path  after 
2100  LT  (marked  B  in  Figure  4)  could  be  associated  with  the 
plume  structure  at  Jicamarca  and  the  first  scintillation  struc¬ 
ture  on  ATS  3  if  we  assume  an  average  drift  speed  of  about  1 30 
m/s.  Comparing  the  set  of  observations  made  on  October  lb- 
17,  1976,  discussed  in  detail  above,  with  the  set  obtained  nearly 
3  years  earlier,  also  discussed  above,  we  conclude  that  on 
certain  nights  a  single  irregularity  structure  may  evolve  and 
while  drifting  eastward  may  cause  scintillations  to  occur  as 
long  as  it  persists,  or  a  series  of  irregularity  patches  may  evolve 
and  while  drifting  eastward  may  give  rise  to  a  series  of  scintil¬ 
lation  structures.  Thus  the  location  of  generation  of  the  irregu¬ 
larities.  their  drift,  and  their  lifetimes  dictate  the  time  evolu¬ 
tion  of  the  scintillations  observed  at  a  given  ground  station  in 
the  equatorial  region. 

Discussion 

Our  results  indicate  that  intense  3-m  irregularity  patches 
detected  by  the  radar  are  associated  with  strong  scintillation 
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Fig  4,  (  omparison  of  the  50-MH/  radar  hack  scalier  map  obtained  al  Jicamarca  on  October  17.  1973,  and  scintillation 
measurements  made  at  Huancayo  with  the  137*  and  254-MHz  transmissions  from  the  ATS  3  and  Les  6  satellites, 
respectively 


events  Thus,  in  general.  I  he  kilometer-size  irregularities  are 
obtained  when  the  3-m  irregularities  are  present,  a  finding 
which  is  of  course  predicted  hy  the  theory.  Although  they  are 
not  covered  in  this  preliminary  report,  we  have  found  cases,  in 
particular  during  the  postmidnight  period,  when  patches  con¬ 
taining  kilometer-size  irregularities  were  obtained  without  any 
associated  radar  event.  It  seems  that  on  occasion  the  turbulent 
energy  fails  to  cascade  down  to  meter  scale  sizes  We  expect  to 
obtain  aore  information  in  this  regard  from  radar  and  scintil¬ 
lation  measurements  performed  on  a  common  ionospheric 
volume  during  March  1977. 

We  have  shown  that  the  radar  backseatter  and  scintillation 
measurements  are  consistent  with  an  eastward  drift  speed  of 
irregularity  patches  al  about  100  m/s.  The  scintillation  obser¬ 
vations  as  well  as  transequalorial  propagation  experiments 
indicate  that  irregularity  patches  can  move  past  a  fixed  propa¬ 
gation  path  within  a  few  tens  of  minutes  to  a  maximum  of  100 
mm.  ihe  latter  ligure  being  reported  by  Ri'mger  |I976).  Com¬ 
bining  the  drift  speed  with  the  duration  of  Ihe  scintillation 
event,  we  obtain  east-west  patch  dimensions  of  several  hun¬ 
dred  kilometers  This  is  consistent  with  the  recently  published 
in  situ  results  | Mil  lure  ei  al ,  1977).  We  have  shown  that  the 


radar  map  corresponding  to  a  single  scintillation  patch  may 
exhibit  considerable  structure.  The  simple  scintillation  event 
observed  on  October  16-17,  1976,  was  associated  with  the 
radar  event  showing  two  plumes  joined  by  a  thick  region  of 
intense  irregularities  at  low  altitudes. 

The  generation  of  irregularity  patches  is  indeed  very  local¬ 
ized.  as  was  revealed  by  multistation  scintillation  measure¬ 
ments  made  with  an  east-west  ionospheric  separation  as  small 
as  175  km.  The  lifetime  of  the  large-scale  irregularity  patches 
has  been  shown  to  be  at  least  several  hours 

The  localized  nature  of  irregularity  formation  and  the  di¬ 
mensions  of  the  patch  indicate  that  very  large  scale  global 
patterns  of  winds  and  tides  cannot  be  used  to  determine  the 
physical  conditions  necessary  for  the  generation  of  the  irregu¬ 
larities. 

4,  We  Ihunk  the  staff  of  the  Institute  (ieofisicn 

det  Peru  for  their  help  m  recording  the  data  and  (heir  hospitality 
toward  Ihe  visiting  scientists.  In  addition.  Ihe  assistance  of  John  Mul¬ 
len,  Herbert  W  hilney  (Air  Force  Geophysics  Laboratory ).  and  Allen 
Johnson  (Air  Force  Avionics  Laboratory)  in  making  Ihe  observations 
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Abstract.  In  situ  measurements  of  equatorial  electron  density  irregulari¬ 
ties  m  the  E-lemon  h\  n»ckets  ami  satellites  have  yielded  a  power-law 
form  of  one -dimensional  wave  number  spectrum  of  spectral  index  2  in  a 
direction  transverse  to  the  magnetic  field  over  a  scale  si/c  range  of  several 
km  to  several  tens  of  m.  Equatorial  scintillation  measurements  in  the 
WHFTTIF  band  which  are  most  sensitive  to  irregularities  ot  several  km 
to  several  hundred  in  arc  consistent  with  the  in  situ  spectral  results.  The 
backseat  ter  measurements  made  at  Jicamaica  at  SO  Mil/  provide  an 
additional  measurement  of  the  spectral  power  at  3m  wavelength 
Computations  art’  presented  for  the  hackscatter  intensity  expected  from 
irrcgul.m tics  with  power  law  spectrum  in  the  transverse  direction  but 
which  are  infinitely  elongated  along  the  magnetic  field.  The  computed 
intensity  is  compared  with  actual  hackscatter  measurements  and  corre¬ 
lated  scintillation  observations.  It  is  found  Out  in  order  to  reconcile 
the  hackscattei  measurements  with  the  simultaneous  VHF/UHF 
scintillation  observations  a  gaussiun  type  cut-off  of  the  power-law 
qxetnim  is  iu  ccss.ir>  at  m  wavelengths  near  the  0*  ion  gyro-radius 

Introduction 

In -si tu  measurements  of  spectral  characteristics  of  E-region  equa¬ 
torial  irregularities  using  both  satellites  and  rockets  have  yielded  a  power 
law  type  ot  tricgulartly  power  spectrum  between  scale  sizes  of  several  km 
in  several  tens  ot  m  (Pysum  el  al..  1974;  ( 'osfa  and  Kelley,  1976;  Morse 
et  al  .  1977)  The  spectral  index  was  usually  found  to  be  approximately 
two  for  on  e-d  1 1  pension  a  I  measurements  perpendicular  to  the  earth’s 
magnetic  field  Basu  and  Basu  ( 1 |  utilized  such  a  power  spectrum  in 
mn|tinc tioii  with  (>goi»  observations  of  laigc  irregularity  amplitudes  and 
Lime  outer  stale  sizes  to  explain  hoth  satured  VHF  and  moderate  GHz 
scintilla)  ion* 

It  is  imporiant  to  note  that  lor  scintillation  measurements  in  the 
VHE,T  Hi  band  the  Fresnel  dimensions  are  of  the  order  of  a  km  to 
several  hundred  m.  As  mentioned  above,  this  range  has  been  covered  by 
oistmg  insitu  measurements.  On  the  other  hand,  the  maps  of 
havkscattered  power  obtained  with  the  Jicamarca  radar  at  50  MHz  by 
u nitthiv  an.:  l.al/oz  (!V7h)  pit  'ide  us  wit fi  information  regarding 
spectral  powei  .n  irregularities  at  *  m  scale  length.  Flic  3  in  length  is 
outside  the  range  of  previous  and  »  xisi.ug  in  sit y  instrumentation.  Tlius  a 
vop'parison  (>f  scintillation  and  hackscattei  observations  should,  in 
piinciple,  exiend  the  domain  over  which  spectral  characteristics  of 
irregularities  can  lx-  inferred  and  this  is  the  purpose  of  (he  present  note 
for  this,  wc  assume  an  irregularity  model  which  is  consistent  with 
iii-Mlii  niicsurements  and  Oet ermine  an  electron  density  deviation  using 
(Ins  model  and  observed  scintillation  daia.  We  then  compute  the 
Kickscallei  that  should  he  observed  with  such  a  magnitude  of  electron 
dentil  v  devuii.ni  and  compare  it  with  actual  correlated  radar  observa- 
i 


Si  Mhllation  and  Radar  Backscatter  Computations 

An  oppmiuniry  fo  make  c<trrelated  observations  of  scrnlillarion 
.uni  backseat  lei  was  provided  during  the  eqi  atonal  irregularity  compaign 
'  • >nductcd  byt  the  Air  Force  Geophysics  laboratory  in  October.  1976 
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(Basu  and  Aarons ,  1977,  Aarons  et  al..  1978).  In  particular,  on  October 
29,  1976  scintillation  measurements  were  conducted  from  Huancayo  on 
the  ATS-6  satellite  when  it  was  being  moved  from  the  eastern  to  the 
western  hemisphere.  Rather  fortuitously,  the  ionospheric  intersection 
point  at  the  350  km  level  was  I  l.3°S,  76. 6°W  approximately  30  m  east 
of  the  Jicamarca  radar  location  (ll.95°S.  76.87*W).  The  simultaneous 
hackscattei  and  scintillation  observations  are  shown  in  Figure  1 

The  backscatter  map  obtained  using  techniques  similar  to  that  of 
Wotxlman  and  LaHoz  (197ft)  was  kindly  made  available  to  us  by  Dr.  J.  P 
McClure.  The  digital  map  obtained  using  8  levels  between  6  and  48  dB  is 
rather  difficult  to  reproduce  and  this  the  map  has  heen  redrawn  to  show 
4  different  intensity  levels  approximately  above  the  incoherent  scatter 
returns  obtained  from  thermaJ  fluctuations  in  a  plasma  with  density  on 
the  order  of  1012  electrons/m3.  Similar  maps  have  been  discussed  in 
detail  by  Woodman  and  l.aHoz  (1976)  and  we  shall  only  comment  on 
the  fact  that  at  2100  LT,  the  Jicamarca  radar  observed  a  200  km  thick 
irregularity  layer  in  which  the  intensity  of  the  backscatter  echo  varied 
between  30  and  42  dB  above  the  coherent  scatter  level. 

At  the  same  time,  the  360  MHz  amplitude  channel  recorded  a 
peak-to-peak  fluctuation  of  H  dB  equivalent  to  the  theory-based  index 
S4*  0.4  The  137  MHz  channel  was  observing  large  amplitude  scintilla¬ 
tions  in  excess  of  20  dB.  The  moderate  level  of  the  360  MHz  scintillation 
made  it  possible  to  use  weakscattcr  theory  for  the  estimation  of  AN.  We 
used  equation  (5)  of  Costa  and  Kelley  (1976)  applicable  to  anisotropic 
irregularities  with  power  law  spectrum  in  conjunction  with  the  observed 
irregularity  layer  thickness  of  200  km  and  assumed  an  outer  scale  of  20 
km  (Basu  and  Basu,  1976)  to  determine  the  value  of  AN.  The  magnitude 
of  AN  so  obtained  for  S4  =»  0.4  is  6  x  IO10  m'3  The  AFGL  aircraft 
(used  in  Peru  as  part  of  the  equatorial  irregularity  campaign)  with  a, 
digital  ionosonde  on  board  was  unfortunately  not  operating  on  the  night 
of  October  29,  1976.  However  it  did  observe  a  plasma  number  density  of 
6  x  I011  m'3  (f0F2  of  7  MHz)  on  ihe  following  night  at  2100  LT  near 
Jicamarca  (J.  Buchau .  private  communication,  1977).  Thus  irregularities 
with  amplitudes  on  the  order  of  10  percent  were  probably  causing  the 
scintillations  as  well  as  the  associated  backscatter. 

In  the  Appendix,  wc  have  derived  the  pertinent  equations  for 
computing  hackscatter  from  irregularities  which  arc  infintely  elongated 
along  the  magnetic  field.  It  is  shown  that,  if  the  one -dimensional  wave 
number  spectrum  is  given  by 


0<kx>- 


14.NJ2  >  U> 

n 


(I) 


in  agreement  with  in-situ  observations,  ihen  the  three  dimensional 
spectrum  for  cylindrically  symmetric  irregularities  infmiteley  enlongated 
along  B  is  given  by 


4>(k)« 


Mk„) 

(1  +kxaLoV'2 


(2) 


where  L()  is  Ihe  outer  scale  of  irregularities  with  r.m.s.  electron  density 
deviation  AN.  and  k,,  and  kj  are  wavenumbers  parallel  and  perpendi¬ 
cular  to  the  magnetic  field  B.  Using  equation  2  and  considering  the 
aspect  sensitivity  of  the  ii  regularities  we  obtain  the  following  relationship 
for  the  ratio  of  ,  the  backscattcred  power  form  irregularities  at 
distance  h,  to  phi  ihe  backscattcred  power  from  thermal  fluctuations  in 
(he  plasma  at  distance  h. 
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PH  _  <  (AN)1  >  ,  to1"  1,0*  (tl 

Phi  N  [I  +k‘i.o,ls',9k 

As  mentioned  earlier,  our  object  is  to  use  the  same  value  of  L«,  as 
used  in  the  scintillation  compulations  together  with  the  derived  value  of 
AN  from  the  scintillation  measurements  to  obtain  a  numerical  estimate 
of  the  ratio  given  in  equation  (  M  If  the  same  monotonu  power  law  loim 
of  the  spectrum  exists  up  to  wavelengths  as  short  as  3  m.  then  it  is 
expected  that  the  computed  value  of  this  ratio  ami  llui  observed  in 
figure  I  should  agree  We  obtain  instead 


log 


Phf. 

Phi 


8  2  dB 


<4) 


where  AN  *  6  x  1010  m'3 
N  -  6x  10* 1  m’3 
Lo  -  20  km 
k  *  2.09  m*1 
8  ■  .0102  radians  (*  0.7°) 


The  last  two  paramenters  are  relevant  for  the  Jicamarca  radar. 

The  observed  enhancement  at  2100  LT  was  on  the  order  of  40  dB. 
Thus  there  is  a  discrepancy  of  at  least  4  orders  of  magnitude  between  the 
observed  radar  backseat  ter  power  and  that  given  by  equation  4 

Discussions 

The  very  large  discrepancy  of  4  orders  of  magnitude  between  the 
observed  radar  backscatter  and  that  computed  on  the  basis  of  a 
monotonic  power  law  spectrum  is  an  interesting  and  unexpected  result. 
Farley  et  a/.,  had  stated  in  1970  that  as  a  rough  guess,  the  irregularities 
were  at  times  I07 -  10s  times  as  strong  as  those  responsible  lor  incoherent 
scatter.  But  with  improvements  in  experimental  techniques,  it  seems  that 
a  figure  of  106  is  more  accurate.  Thus  the  black  portions  of  the  radar 
map  in  figure  I  show  enhancements  on  the  order  of  I0B  times  the 
incoherent  scatter  returns.  There  is  some  digital  saturation  around  this 
level,  but  the  fact  that  this  level  is  observed  over  relatively  small  height 
intervals  at  a  lime  (also  for  instance  in  the  maps  given  by  Woodman  and 
l.aHoz  ( 1976))  shows  that  saturation  does  not  occur  extensively  That  is, 
most  of  the  time  the  signal  is  even  lower  than  48  dB  tbis  is  the  case  for 
the  signals  around  2100  LT  on  October  29.  N76.  hnsen  for  these 
computations. 

Our  computations  have  been  based  on  the  power  law  spectrum 
observed  by  various  experimenters  using  in-situ  rocket  and  satellite 
techniques.  Fredricks  and  Coroniti  ( 1976)  have  recently  pointed  out  that 
there  is  no  unique  connection  between  the  rest  frame  power  spectrum  as 
a  function  of  scale  length  and  denved  power  spectrum  as  a  function  of 
frequency  computed  from  the  time  series  data  taken  in  the  moving  frame 
such  as  obtained  from  rockets  and  satellites.  In  particular,  for  the 
anisoptropic  spectrum  considered  here,  these  authors  show  that  aliasing 
can  be  expected.  Thus  the  real  spectral  index  may  be  different  from  the 
observed  index.  There  is  also  little  experimental  information  on  the 
actual  value  of  the  outer  scale  used  in  the  scintillation  computations.  In 
addition,  by  using  a  value  of  200  km  for  the  thickness  of  the  irregularity 
layer,  we  tacitly  assumed  that  the  km  scale  irregularities  are  distributed 
in  the  same  way  as  the  3  m  scale  irregularities  observed  by  the  radar. 
However,  all  these  potential  sources  of  error  cannot  explain  the  4  orders 
of  magnitude  discrepancy  between  the  computed  and  observed  back- 
scatter  power. 

It  is  important  to  point  out  here  that  the  3  m  scale  length  probed  by 
the  radar  is  of  the  same  order  as  the  O*  ion  gyro-radius  (K,,)  at  a 
temperature  of  700“K  which  is  appropriate  to  the  nighttime  equatorial 
region  under  sunspot  minimum  conditions.  Most  of  the  recent  theories 
specifically  developed  to  explain  equatorial  spread-1-  {Baldev  el  al.. 
1972,  Haerendel,  unpublith  manuscript,  ]')7 4 :  Hudson  and  Kennel  1975) 
have  considered  a  perpendicular  scale  length  regime  much  larger  than  K,, 
and  are  thus  not  applicable  to  the  radar  measurements.  We  shall  pul 
forward  some  qualitative  arguments  to  explain  why  it  is  probable,  from 
energy  considerations,  to  expect  a  rapid  fall-off  in  the  spectral  power  of 
the  irregularities  near  Ro  • 


Ihe  larger  scale  length  irregularities  are  probably  created  by 
turbulent  mixing  nt  the  background  loni/alion  in  regions  where  there  is  a 
primary  (or  secondary)  gradient  of  iom/alion.  Small  polarization  fields 
(ExB/B2  thermal)  arc  sufficient  to  produce  the  turbulent  mixing 
whereby  parcels  of  small  density  are  vonvected  to  regions  of  higher 
density  and  vice  versa  Such  irregularities  aie  possible  only  lor  stale  si/es 
largei  Ilian  .i  gvio  radius  il  we  wan  I  lit  keep  polars/.ihoti  liclds  .null 
enough  and  iu.imiI.imi  the  ijiMsi-iieiilrahtv  < >1  the  irregularities  In  ih.il 
was  ihe  ioiis  would  slid  gvrulc  in  urcufai  li.ig  i  loues  around  a  1 1 x« «( •  >r 
slowly  drilling  guiding  ceniei  As  soon  as  we  allow  lor  larger  fields.  I  In 
electrostatic  encrgic  coiilent  of  the  irregular ilies  becomes  larger  and  il 
becomes  more  dithcull  in  create  ihe  irregularities 

It  is  possible  lo  associate  with  each  magnetic  field  hue  a  population 
of  ioiics  gyrating  around  it  with  a  thermal  vclocuty  distribution  ol  the 
form  exp  (-nijv*/2KT).  These  ions  will  occupa>  a  volume  in  which  I  lie 
density  is  of  the  form  exp  (-r2/2R,,2).  where  r  is  the  distance  from  the 
guiding  center  and  K<)  is  the  mean  radius  of  the  ionic  orbit  fiven  by 
(K  l/nii)1  /2/u>,  where  u>t  is  the  ion  gyro  frequency.  This  swarm  of  ions 
can  be  easily  neutralized  by  the  proper  density  of  elections  gyrating 
along  the  neighbouring  lines.  It  is  impossible  to  create  an  elementary 
volume  of  gyrating  ions  with  an  associated  Maxwellian  distribution  that 
has  smaller  radial  extent  than  Ru  unless  one  strongly  distorts  their 
circular  orbits.  This  distortion  would  mean  the  introduction  of  strong 
small  scale  electric  fields  which  we  are  trying  to  keep  as  low  as  possible 
(and  still  have  irregularities)  based  on  energy  considerations.  On  the 
other  hand,  it  is  possible  to  synthetize  any  sort  of  large  scale  irregularities 
by  the  superposition  of  these  neutralized  elementary  volumes  ol  gyrating 
ions. 

Il  is  to  he  expected,  t lien .  that  a  drastic  cut-off  must  exist  at  scale 
sizes  comparable  lo  the  gyro  radius.  The  above  arguments  suggest  an 
autocorrelation  function  of  ihe  form 


R(r)  ■♦TAN)2  >  cxp(-rL  /In)  *  exp  (*rj/2R2 )  (5j 


where  the  asterisk  implies  convolution.  The  first  exponential  term  m 
equation  (5),  namely,  exp  (ri  /Lo),  is  the  experimentally  determined 
correction  function  for  larger  scale  sizes.  The  convolution  by  exp 
(•rj2/2R02)  limits  the  smaller  scale  to  R(>  with  a  gaussian  type  ol 
cutoff.  This  leads  lo  an  equivalent  wave  numher  spectrum  of  the 
following  form 


«Wk)» 


(4N)‘ 


Mk„) 


(I  • 


exp  (*!«•/:>  iM 


which  in  turn  gives  instead  of  equation  3: 


PhF  _  < (AN)2  > 
Phl 


Kjt3/3  Lo* 

1 1  +  kj,LoJ'],'J 


exp  1  -k  A  *  Roa /2 1 


Ol 


Now  R0 . 3.35  m  for  O *  ions  at  a  temperature  of  700°K  for  a  magnetic 
field  of  0.3  gauss.  If  we  use  this  value  of  R0  in  equation  7,  the  correction 
factor  namely  exp  lk2R2/2),  is  of  the  order  of  10‘ 10  while  an  agree¬ 
ment  with  observations  requires  a  correction  of  the  order  JO*4  or  I0'ft 
Thus  to  obtain  a  better  correspondence  with  experimental  results  the 
value  of  the  radius  lias  to  be  reduced  by  a  lactor  ol  i.V  With  such  an 
ad-hoc  alteration  of  the  value  of  R0  we  obtain  for  the  ratio: 

I"*  l’hl‘  -  .'4  dB  (8) 

Phi 


which  agrees  quite  well  with  the  experimental  observations  shown  in 
figure  I  It  is  well  known  that  a  gaussian  spectrum  is  very  sensitive  to 
the  value  of  the  scale  size  Thus  in  equation  7,  a  relatively  mmor 
adjustment  in  the  value  of  Rt,  brought  agreement  between  computation 
and  observation. 

It  is  our  feeling  that  a  break  in  the  irregularity  spectrum  probably 
exists  and  that  ion-gyro  radius  plays  a  prominent  part  in  determining  it 
It  is  interesting  to  note  that  a  steep  fall-off  was  found  in  the  scattering 
crmssection  at  a  perpendicular  scale  length  of  approximately  3  m  in  the 
case  of  multi  frequency  backseat  l  ering  from  an  artificially  heated 
ionospheric  volume  (Minkoff  1974 j.  In  addition  to  its  obvious  impor- 


9 


woodman  ana  basu:  m-oitu  ntasuitiuuiaa  *-» t  i  ju^uioiinva 


lance  m  the  determination  of  plasma  processes  which  create  the 
irregularities,  the  existence  of  a  steep  cut-oil  around  a  tew  m  also  has 
practical  implications  for  pulse  propagation  within  the  ionosphere.  I  **r 
instance,  if  the  scale  length  corresponding  to  the  break  point  is 
considered  to  lx*  the  effective  inner  scale  ol  the  power  law  spectrum, 
pulse  hoiailening  »lne  <•>  st.i  tiering  in  the  1(H)  UK)  MM/  hand  is  expected 
I..  In  '  hi  den  «»t  m.ipmlude  h*\s  iti.m  in  die  case  in  which  .1  inoiiolomi 
power  lave  spciimm  extends  .ill  the  way  up  to  the  IK'hy  length  { )  t'h 
and  I  in.  1977) 

Wo  would  nke  to  add  tliat  recent  observations  show  that,  later  at 
ntgjii ,  it  is  possible  to  have  scinl illations  witiimit  hackscattering  echoes 
el  al  I"  »H).  implying  that  it  is  possible  at  limes  to  have  a  cut -oft 
,»t  longer  wavelengths.  This  docs  not  contradict  our  postulate  regarding  a 
gaiissian  cut -oft  at  the  lon-gyro-radius.  We  leave  open  the  possibility  for 
additional  factors  which  would  prevent  the  formation  of  irregularities  at 
iIk-  shoit  wavelengths,  in  any  case,  from  experimental  as  well  as  physical 
grounds  we  would  not  expect  the  k2  power  spectrum  to  extend  beyond 
(lie  ion  t*>  10  null  iis. 

Wc  |io|h*  Hut  these  preliminary  results  will  piovidc  an  incentive  for 
iiMkmg  iiinhiliei|iieucv  h.n ksc.iltei  measiiieiuenls  at  trei|uencies  holli 
above  and  below  >0  Mil/.  We  would  also  like  to  suggest  the 
implementation  of  probes  with  3  m  resolution  to  determine  the  exact 
value  of  the  break  point  arid  the  actual  wave  number  dependence  at  the 
short  wavelength  end  of  the  spectrum. 


Where  V  is  the  backseat  ter  powei  return  and  A  is  a  constant  ol 
proportionality  depending  on  system  parameters  and  which  includes  the 
electron  scaterrmg  cross  section.  We  differ  here  with  the  standard  text 
book  expression  for  l\  in  that  wc  have  written  explicitly  the  antenna 
beam-pattern  and  radar  pulse  shape  weighting  function  F(x)2  in  the 
integration  over  the  scattering  volume,  and  the  spatial  dependence  of 
k  * k  (X)  mi  the  typical  I  otnliei  hailstorm  term.  Iking  the  cipialilv  A  4 
m  A-6.  wc  get.  alter  integration 

A  <  (AN)*>  I*,2  V  I) 

|>«  *  ,  A-7 

Ml+k*  OD  k 


where  V  and  0  are  the  effective  scattering  volume  and  beamwidth  of  the 
antenna.  D  is  the  average  distance  to  the  scattering  volume. 

On  the  other  hand,  the  expression  lor  the  incoherent  backscatter 
power.  P|,  when  the  Debye  length  is  much  smaller  than  k'1  is: 

N 

Pi  -  AV  A-8 

U2*P 

since  mulct  these  condiiions  «l*< k )  ■ 


N 

UlnY 


1  (e.g.  Sul  pc  ter  |  'Wi.D. 


The  power  ratio.  P/Pj,  is  then  given  by 

K  (AN2) >  Lo2  tr2 

ptpi« 

N  |l  +  k2  l^)3l20k 


A-1) 


Appendix 


Wc  assume  an  electron  density  one-dimensional  wave  number  spec¬ 
trum  o<  equatorial  irregularities  to  he  ol  the  form 


■Mkx|  5 


I  AN)2  -  l,» 


I  +  k* 


A  I 


in  agreement  with  in  mIii  observations.  In  e(|iialion  A  l,  kx  is  the 
wavenumber  in  a  direction  perpendicular  lo  the  magnetic  Held  l^is  the 
(inter  scale  of  turbulence  and  K  is  a  constant  such  that 

f  0  <kxl  -Jkx  =  <.}N|2>  .  A-2 

(V 

where  ■  I  AN)2  >1/2  is  the  rms  electron  density  fluctuation. 

for  .1  one-  dimensional  wave-number  spectrum  of  the  form  given  in  A-l. 
there  corresponds  a  one-dimension  correlation  function 

p  lx)-  1AN2)  >  exp  (-1  Viol).  A- 3 


A  more  sophisticated  and  cumbersome  approach,  which  takes  into 
account  the  curvature  of  the  wave  front  and  which  we  will  not  reproduce 
here,  gives  the  rr3/a  factor  used  in  the  text. 


HUAMCAVO  *TJ  « 


since  tliev  ire  .1  I  >nner  transform  pan 

ll  we  assume  a  rotational  symmetric  ihrec-dunension.il  correlation 
function.  Ktr)  infinitely  elongated  along  the  axis,  we  can  write. 

K  lr>  =  (AN2)  .*\p  <1,  I  ,).  A-4 


which,  by  ihr-e  dimensional  Fourlicr  transformation,  corresponds  to  a 
three-dimeusM  >11.(1  spectrum 


•Hk)»  '  /*Jr  r  *k 

<2it)3  J 


'  K(r) 


=  (AN)2  .  l.o*  ft  (kil) 

>  1 1  +  k*  Lo*)3'* 


A-5 
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Figure  I.  Correlated  Backscatter  and  Scintillation  Observations  on 
October  29.  1976. 


AckiHiwIedgmcnts 


(be  subscripts  ,  and  M  above  label  tin  parallel  and  perpendicular  mugm 
hide  ot  a  veefo'  11  ml poiien  1  willi  respect  to  the  magnetic  field. 

Next  we  derive  the  backscatter  returns  expected  from  irregularilues 
with  a  spot  rum  given  by  AS  For  highly  aspect  sensitihe  irregularities, 
as  the  ones  represented  by  \  we  wnfe 

V  -  U*)|3y Jr  r""*1  "R(r)  < A^j) 
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On  the  Coexistence  of  Kiiometer- and  Meter-Scale  Irregularities 
in  the  Nighttime  Equatorial  F  Region 

Saniimay  Bam  .1  Sinanda  Ham:,'  Ji  i  i  s  Aarons,2  J.  P.  McCi  uri  and  M.  I),  On  sins4 

Nighttime  imilnfrequency  scintillation  jnd  SO-MII/  radar  hackscatter  observations  simultaneously 
performed  over  .1  nearly  common  tonosphcrio  volume  at  the  dtp  equator  tn  Peru  during  March  IY77  were 
used  to  study  the  relationship  between  the  large-scale  irregularities  (  -0.1-1  km)  giving  rise  to  scintilla¬ 
tions  and  small-scale  irregularities  (3  m)  causing  50-MH/  baekseatter  It  is  shown  that  during  the 
generation  phase  til  equatorial  irregularities  in  the  evening  hours,  the  kilometer-  and  meter-scale  irregu¬ 
larities  coexist,  whereas  in  the  later  phase*,  approximately  an  hour  after  the  onset,  the  meter-scale 
irregularities  decay  but  the  large-scale  ones  continue  to  retain  their  high  spectral  intensities  further, 
multistation  scintillation  observations  front  a  host  of  geostationary  satellites  as  well  as  Irom  the  Wide¬ 
band  satellite  indicate  that  eastward-drilling  irregularity  structures  detected  around  midnight  cause 
significant  scintillations  at  Util  and  /.  hand  but  generally  fail  to  give  rise  to  appreciable  baekseatter 
I  litis,  contrary  to  expectations,  it  is  possible  to  have  even  L  band  scintillations  without  any  plume  struc¬ 
ture  on  baekseatter  maps.  I  his  indicates  that  at  later  local  time  a  cutoll  ol  the  spectral  intensity  probably 
occurs  at  some  scale  length  between  MX)  and  3  m.  I'hese  observational  results  are  discussed  in  the  con¬ 
text  ol  current  theories  ol  plasma  instability  in  the  equatorial  ionosphere. 


iNIKOlH'f  l|t)N 

I  he  detection  of  spread  h\  ionospheric*  scintillations,  and 
VIII  radar  hack  scalier  111  the  nighltiiticcqu.itori.il  ionosphere* 
shows  that  irregularities  with  scale  lengths  as  large  as  several 
kilometers  and  as  small  as  a  few  meters  may  arise  in  the 
equatorial  /  region  In  view  of  its  importance  in  communica¬ 
tions  channel  modeling  as  well  as  in  the  development  ol  theo¬ 
ries  of  irregularity  generation,  the  problem  of  coexistence  of 
irregularities  with  dilVercnt  scale  lengths  in  a  common  iono¬ 
spheric  volume  has  recently  engaged  the  attention  of  many 
workers 

As  early  its  I ¥70,  Purivy  cl  al.  [1970|  slated  that  strong 
irregularities  observed  hy  the  lieamarca  radar  were  in  general 
associated  with  scintillations  W  hen  the  digilal  power  mapping 
technique  became  available  |lf  oodman  and  La  Haz,  I976j.  a 
preliminary  comparison  of  such  radar  maps  and  scintillations 
during  November- December  I  ‘its  made  by  Basu  cl  al.  11977] 
indicated  that  plumcltke  structures  on  the  maps  were  associ¬ 
ated  with  intense  scintillations  in  the*  Vflf  range  at  a  nearby 
location. 

I  sing  (he  Atmosphere  I  xplorer  (  satellite  (Al:-C  ). 
Mil  lure  n  al  |I977|  observed  that  large-scale  hubbies  of 
depleted  ton  concentration  tit  the  nighttime  equatorial  P  re¬ 
gion  arc  associated  with  small-scale  irregularities.  These  mea¬ 
surements  provided  the  incentive  for  j  more  carefully  coordi¬ 
nated  equatorial  irregularity  campaign  in  Peru  in  October 
1 97rc  During  this  campaign,  simultaneous  VHf-  radar  hack- 
scalier  and  ionospheric  scintillation  measurements  were  made 
near  the  magnetic  equator  in  which  the  ionospheric  volume 
explored  hy  ihc  radar  and  scintillation  experiments  had  a 
minimum  separation  of  nearly  700  km  The  analysis  of  results 
obtained  on  one  night  when  a  single  plume  structure  was 
observed  hy  the  Jtc.tmarca  radar  showed  that  the  irregularity 
patch  in  which  3-m  irregularities  were  detected  hy  the  50-MH/ 
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radar  in  ihe  postsunset  period  drifted  eastward  and  caused 
onsets  of  scintillations  on  two  propagation  paths  located  to  the 
cast  of  Jtcamarca  ( Aarons  t-t  al  .  I97K],  This  result  implied  that 
ihe  patch  contained  both  3-m  and  ktlomeler-scale  irregulari¬ 
ties  which  caused  radar  baekseatter  and  scintillations,  respec¬ 
tively.  and  the  kilometer-scale  irregularities  persisted  in  a 
patch  for  at  least  several  hours  during  the  transit  ol  the  patch 
to  various  propagation  paths  involved  in  the  scintillation  ex¬ 
periment.  Owing  10  the  separations  encountered,  it  was  not 
possible  to  conclude  whether  the  3-m  irregularities  persisted  in 
ihe  patch  at  laler  periods  of  lime  when  scintillations  were 
dciecied. 

In  ihe  course  of  Ihe  above  campaign,  scintillation  measure¬ 
ments  were  made  on  Oclober  29.  1976,  with  ihe  ATS  6  satellite 
when  the  propagation  path  of  ihe  satellite  lo  the  Huancayo 
ground  station  intersected  the  ionospheric  height  at  a  point 
where  the  radar  was  performing  baekseatter  measurements. 
The  results  of  these  simultaneous  measurements  over  a  com¬ 
mon  volume  discussed  by  Woodman  and  Basu  [1978]  indicate 
thal  ihe  lemporal  variations  of  3-m  and  kilometer-scale  irregu¬ 
larities  were  identical,  eslablishing  thereby  the  coexistence  of 
irregularities  with  scale  lengths  covering  nearly  four  decades. 

A  careful  sludy  of  Ihe  radar  maps  published  by  Woodman 
and  l.a  llo:  ]  197b]  and  the  maps  acquired  by  us  during  Octo¬ 
ber  1976,  however,  indicates  that  Ihe  extended  3-m  irregularity 
structures  with  which  strong  scintillations  are  associated  in 
general  arise  shortly  after  sunset  On  the  other  hand,  strong 
scintillation  events  are  detected  quite  often  even  after  mid¬ 
night.  Basu  and  Aarons  [  1977]  concluded  that  during  the  Octo¬ 
ber  campaign  there  was  a  statistical  preponderance  of  scintilla¬ 
tion  structures  as  compared  lo  the  extended  3-m  irregularity 
structures.  This  seemed  to  indicate  the  possibility  of  having 
two  types  of  equatorial  irregularities,  one  type  with  significant 
spcciral  power  al  both  kilometer  and  meter  scales  and  Ihe 
second  with  considerable  power  al  kilometer-scale  lengths 
with  little  or  no  power  at  3  m 

The  second  equatorial  campaign  in  March  1977  was 
planned  to  provide  more  definitive  answers  to  the  important 
problem  of  coexistence  of  kilometer  and  meter  scales  in  the 
various  phases  of  irregularity  development  and  decay.  The 
most  important  improvement  during  this  campaign  was  the 
availability  ol  scintillation  and  radar  baekseatter  data  per¬ 
taining  10  a  common  ionospheric  volume  for  an  extended 
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Fig.  I  Subionospheric  positions  (referred  lo  an  altitude  of  400  km)  of  scintillation  measurements  on  March  19-20, 
1977  The  ground  stations  at  Ancon  (A)  and  Huancayo(H) performing  scintillation  observations  and  Jicamarca  (J )  making 
radar  backscatter  observations  are  indicated  in  the  diagram.  The  satellites  LBS  K.  ATS  J,  Goes  I.  and  LBS  9  arc 
abbreviated  as  L-8,  A-3.  G.  and  L-9,  respectively 


period.  We  were  also  able  lo  make  scintillation  measurements 
at  closely  spaced  points  both  to  the  west  and  to  the  east  of 
Jicamarca  so  that  the  evolution  and  decay  of  the  drifting 
patches  could  be  adequately  monitored.  With  this  unique  data 
set  we  were  able  to  demonstrate  that  it  is  possible  lo  have  two 
kinds  of  equatorial  irregularities  such  as  mentioned  above.  In 
this  paper  we  discuss  the  results  obtained  on  one  day  which 
seems  to  be  fairly  typical  of  the  entire  observation  period.  The 
implications  of  these  measurements  are  also  discussed  in  the 
context  of  current  theories  for  the  generation  of  equatorial 
irregularities. 

Observations 

On  the  night  of  March  19-20,  1977,  50-MHz  radar  back¬ 
scatter  observations  were  performed  at  Jicamarca  (ll.95°S, 
76.86°W)  near  the  magnetic  equator  in  Peru.  Radar  power 
maps  corresponding  to  three  scattering  volumes  separated  in 
the  east-west  direction  by  6%  of  altitude  were  acquired  by 
three  antennas  as  discussed  by  Basu  el  al.  (1977).  We  shall 
present  the  maps  obtained  with  the  westernmost  radar  beam. 
When  referred  to  400-km  altitude,  the  above  location  corre¬ 
sponds  to  a  position  which  is  approximately  30  km  to  the  west 
of  Jicamarca.  Simultaneous  137-MHz  scintillation  measure¬ 
ments  were  made  at  Ancon  (11.71  °S.  77.I5',W)  with  the  Goes 
I  satellite.  The  intersection  of  the  propagation  path  from 
Ancon  to  Goes  I  with  an  ionospheric  height  of  400  km  was 
located  only  10  km  to  the  east  of  the  field  line  passing  through 
the  volume  illuminated  by  the  westernmost  radar  beam.  How¬ 
ever.  the  north-south  (N-S)  separation  of  the  two  volumes  was 
approximately  30  km.  In  view  of  the  field-aligned  nature  of 
equatorial  F  region  irregularities,  the  relatively  large  N-S  sepa¬ 
ration  may  not  be  of  serious  concern,  while  the  much  smaller 
east-west  (E-W)  separation  assures  that  the  two  experiments 
were  exploring  a  nearly  common  ionospheric  volume. 

Scintillation  measurements  were  also  performed  with  a  host 
of  geostationary  satellites.  LES  8,  LES  9,  and  ATS  3,  not  only 


at  Ancon  but  at  Huancayo  (ll.97°S,  75.34',W)  as  well.  The 
intersections  of  the  propagation  paths  from  these  satellites  to 
the  two  ground  stations  with  an  ionospheric  height  of  400  km 
are  indicated  in  Figure  I.  The  subionospheric  locations  are 
specified  in  the  diagram  by  the  station  name  (A  for  Ancon  and 
H  for  Huancayo)  followed  by  the  abbreviated  name  of  the 
satellite.  The  ground  stations  at  Jicamarca,  Ancon,  and  Huan¬ 
cayo  performing  the  radar  and  scintillation  observations  are 
shown  by  the  doited  circles.  Figure  I  also  shows  the  sub¬ 
ionospheric  (400  km)  tracks  of  the  orbiting  Wideband  satellite 
as  viewed  from  Ancon  and  Huancayo  on  March  19-20.  The 
Ancon  station  was  equipped  with  coherent  phase-locked  loop 
receivers  and  recorded  both  phase  and  amplitude  scintillations 
al  VHF  (138  MHz),  seven  closely  spaced  frequencies  at  UHF 
centered  at  413  MHz,  and  L  band  (1239  MHz)  from  the 
Wideband  satellite  [Fremouw  el  al..  1978].  The  station  at 
Huancayo  recorded  only  the  amplitude  scintillations  of  the 
transmissions  at  138  and  413  MHz. 


Results 

In  Figure  2  we  show  the  results  of  simultaneous  50-MHz 
radar  backscatter  observations  at  Jicamarca  and  137-MHz 
scintillation  measurements  at  Ancon  with  the  Goes  I  satellite 
made  on  March  19,  1977,  between  1900  and  2300  LT.  The  lop 
panel  shows  a  radar  power  map  of  3-m  irregularities  indicating 
the  temporal  variation  of  their  range  and  intensity.  The  range 
scale  is  provided  by  the  ordinate  on  the  left-hand  side  of  the 
diagram,  while  the  tone  of  the  map  signifies  the  intensity  of  the 
backscattered  echoes  in  the  range  of  6-48  dB  above  the  ap¬ 
proximate  maximum  incoherent  scatter  level.  A  complete  de¬ 
scription  of  the  digital  power  mapping  technique  has  been 
outlined  by  Woodman  and  La  Hot  [  1976].  The  bottom  panel 
shows  the  temporal  variation  of  scintillation  index  in  decibels. 
SI  (dB).  scaled  manually  from  the  chart  records  at  2-min 
intervals  [Whitney  el  al..  I969|. 
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The  lop  panel  in  Figure  2  shows  ihal  the  railar  started  lo 
detect  weak  irregularities  in  I  In  n  layers  lor  I  lie  first  time  in  the 
evcnm)t  .il  HW  1  I  I  he  lirst  plume  simelurc  developed 
shortly  there. tiler  at  about  I4S0  I  I  A  series  ol  plume  develop¬ 
ments  occurred  up  to  2040  I  I .  with  the  later  plumes  having  a 
low  extent  in  altitude,  i  ater.  the  back  scatter  echoes  arose  from 
progressively  thinner  irregularity  layers  Between  2110  and 
2210  I  T.  weak  patchy  backscaltering  regions  above  a  weak 
and  thin  layer  were  observed.  From  the  bottom  panel  we  lind 
that  the  sharp  onset  of  strong  scintillations  was  very  well 
matched  in  time  with  the  development  of  strong  3-m  irregular¬ 
ities  at  14*0  I  T.  Soon  after  onset,  scintillation  levels  as  high  as 
20  dB  were  encountered  It  is  interesting  to  note  that  although 
the  plume  structures  were  absent  after  2040  LT  and  the  3-m 
irregularity  structures  were  thinning  out.  a  high  level  of  scintil¬ 
lation  was  maintained  up  to  2114  I  T.  It  is  also  difficult  to 
associate  the  large  increase  of  scintillation  observed  after  21 14 
I  T  with  the  weak  and  patchy  3-m  irregularities  The  lirst 
scintillation  structure  ended  at  2230  I  T  when  the  radar  map 
was  totally  free  of  all  tracts  of  3-m  irregularities  in  the  h 
region  A  study  of  the  above  event  indicated  (hat  in  the  genera¬ 
tion  phase  during  the  late  evening  hours,  the  kilometer-  and 
meter-M/cd  irregularities  evolve  together  and  coexist  whereas 
in  the  later  phase,  approximately  an  hour  after  the  onset,  the 


mcler-si/cd  irregularities  decay  but  the  large-scale  irregulari¬ 
ties  responsible  lor  scintillations  continue  to  retain  their  high 
spectral  intensities 

Another  distinctive  event  was  recorded  later  during  this 
night  and  is  illustrated  in  Figure  3.  Front  the  bottom  panel  we 
see  that  the  second  scintillation  event  of  the  evening  was 
detected  at  Ancon  on  its  propagation  path  to  the  Goes  I 
satellite  at  2300  LT  The  scintillation  event  was  rather  strong, 
attaining  levels  as  high  as  22  dB  at  137  MH/,  and  decayed  al 
about  0100  I  T  A  study  of  the  lop  panel  indicates  that  only 
very  weak  3-m  irregularity  structures  were  detected  between 
2300  and  0000  LT  and  none  at  all  between  (XXX)  and  0100  l.T. 
it  appears  that  the  irregularity  structures  detected  during  the 
late  nighttime  hours  had  little  spectral  power  at  short  scale 
lengths,  although  the  spectral  power  at  large  scale  lengths 
remained  high,  giving  rise  to  saturated  VHF  scintillations. 

In  order  to  investigate  if  the  irregularity  power  spectra  in  the 
scale  length  range  responsible  for  amplitude  fluctuations  have 
undergone  any  change,  we  obtained  the  power  spectra  of 
amplitude  scintillations  for  both  these  cases,  namely,  strong 
VHF  scintillations  in  the  presence  of  3-m  irregularities  as 
illustrated  in  Figure  4o  and  strong  scintillations  in  the  absence 
of  3-m  irregularities  shown  in  Figure  4b.  The  scintillation  data 
acquired  on  FM  analog  tapes  were  digitized  at  3u  semples/s. 


ANCON  GOES -I 
137  MHz 


I  if  2  Temporal  variation  of  50-MH/  radar  back  scattered  power  obtained  at  Jicamarca  and  scintillation  index  Si.  in 
dcvihcK.  of  1.17. MM/  transmissions  from  the  Goes  I  satellite  recorded  at  Ancon  on  March  19,  1977,  during  I90Q-2J00  LT. 
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23  00  01  02 

75*  W  TIME 


23  00  01  02 


75°  W  TIME 


Fig.  J.  Comparison  of  radar  backscatlered  power  and  scintillation  index  SI,  in  decibels,  as  in  Figure  2.  on  March  19-20. 
1977.  during  2300-0200  LT  Note  that  weak  and  patchy  3-m  irregularities  shown  in  the  lop  panel  are  associated  with  intense 
scintillation  activity  in  the  bottom  panel. 


and  (he  spectra  for  7.5-min  data  samples  were  obtained  by  the 
use  of  a  fast  Fourier  transform  algorithm.  The  structure  ob¬ 
tained  around  3  Hz  was  generated  by  a  subharmonic  of  the 
satellite  spin  and  the  multilobed  satellite  antenna  pattern. 
Considering  that  the  95%  confidence  interval  of  power  esti¬ 
mate  is  approximately  6  dB,  the  average  high-frequency  (v) 
slopes  of  the  power  spectra  in  Figures  4a  and  4 b  are  very  close 
to  »  \  The  diffraction  scale  length  (A )  on  the  ground  is  related 
to  the  frequency  scales  (*)  in  Figures  4a  and  4 b  by  the  drift 
speed  (e)  of  the  irregularities  as  A  *  (v/v). 

Flowever.  the  values  of  the  S,  index  of  scintillation  corre¬ 
sponding  to  Figures  4 a  and  4b  were  0.83  and  0.73,  respectively, 
so  that  both  the  spectra  pertained  to  strong  scatter  conditions. 
Under  such  conditions,  it  is  not  possible  to  relate  the  diffrac¬ 
tion  scale  lengths  on  the  ground  to  irregularity  scale  lengths  in 
the  ionosphere  in  a  precise  manner  ( Yrh  el  at..  I975|.  Thus 
even  though  drift  speed  measurements  are  available  from 
spaced  receiver  scintillation  observations  performed  at  the 


nearby  ground  station  at  Ancon  [ Whitney ,  1978],  it  is  not 
possible  to  derive  the  irregularity  characteristics  from  the  scin¬ 
tillation  spectra.  The  similarity  in  the  spectral  forms  in  Figures 
4a  und  Ah  can  only  indicate  in  general  terms  that  no  drastic 
variation  of  irregularity  power  spectra  occurred  in  the  scale 
length  range  ('  I  km  to  100  m)  which  is  responsible  for  VHF 
scintillations. 

It  is  interesting  to  note  that  while  the  second  scintillation 
event  (cf.  Figure  3)  at  VFIF  was  being  recorded  at  Ancon  on 
the  propagation  path  to  the  Goes  I  satellite,  a  transit  of  the 
Widebund  satellite  occurred.  The  subionospheric  tracks  of 
the  satellite  as  viewed  from  Ancon  and  Huancayo  have  been 
illustrated  in  Figure  I  and  designated  as  A(DNA)  and 
H(I)NA).  respectively.  We  shall  primarily  discuss  A(DNA) 
results  acquired  with  the  SRI  International  receiver  providing 
both  phase  und  amplitude  scintillation  data  over  a  wide  range 
of  frequencies.  Scintillations  both  in  amplitude  and  in  phase 
were  recorded  throughout  the  transit,  but  we  shall  concentrate 
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our  attention  to  the  interval  between  0427  UT  (corresponding 
to  75°W,  time  of  2327  LT)  and  0428  UT.  labeled  on  the  track. 
Careful  magnetic  field  line  mapping  indicated  that  at  0427  5 
UT  the  400-km  subionospheric  location  of  the  A(DNA)  inter¬ 
sected  the  field  line  passing  over  Jicamarca.  In  Figure  5,  we 
illustrate  the  amplitude  scintillation  index  S ,  and  rms  phase 
fluctuation  </>,„,  at  the  observing  frequencies  during  a  20-s 
interval  beginning  0427.5  UT  The  inverse  frequency  (/)  de¬ 
pendence  of  expected  theoretically,  is  indicated  by  the 
solid  line  passing  through  the  data  point  corresponding  to  413 
MHz,  the  UHF  carrier  frequency.  For  a  three-dimensional 
irregularity  power  spectrum  of  power  law  exponent  4,  the 
amplitude  scintillation  index  S,  is  expected  to  show  /  '  *  de¬ 
pendence  ( Rufenach .  1974)  under  weak  scatter  conditions.  This 
is  indicated  by  the  dotted  line  The  data  points  agree  well  with 
the  theoretical  curves  except  for  the  S,  data  point  at  VHF 
which  obviously  violates  weak  scatter  conditions.  It  should  be 
noted  that  even  significant  I.  band  scintillation  was  recorded  at 
this  lime  while  in  the  VHF  band  an  S,  index  of  0.78  was 
obtained,  tremouw  el  a I  [  1978)  have  noted  that  in  the  L  band 
S ,  2  0.02  may  be  considered  significant  for  these  Wideband 
measurements.  It  may  be  observed  from  Figure  3  that  during 


the  above  scintillation  event,  only  weak  (<12  d B >  and  very 
fragmentary  signatures  of  the  backscatter  echoes  could  be 
recorded. 

Woodman  and  Basu  ( 1978]  have  recently  made  a  quantitative 
comparison  of  360-MHz  scintillation  and  50-MHz  radar  back¬ 
scatter  measurements  at  Jicamarca.  They  postulated  a  Gaus¬ 
sian  type  of  cutoff  near  the  ion  gyroradius  which  is  of  the  order 
of  3  m  at  F  region  heights  to  bring  scintillation  and  backscatter 
measurement  into  agreement.  They  showed  that  an  S,  index  of 
0.4  at  360  MHz  may  correspond  to  the  observed  40-dB  radar 
backscatter  from  an  irregularity  layer  of  a  thickness  of  200  km. 
Similar  computations  made  in  the  present  case  under  study 
indicate  that  S,  -  0.18  at  413  MHz  should  have  been  accom¬ 
panied  by  at  least  26-dB  radar  backscatter  from  a  similarly 
extended  irregularity  layer,  in  contrast  to  the  observed  12-dB 
backscatter  from  fragmentary  patches.  This  result  implies  that 
the  irregularity  structures  observed  near  midnight  are  charac¬ 
terized  by  a  spectral  cutoff  at  wavelengths  longer  than  the  ion 
gyroradius.  probably  in  the  vicinity  of  tens  of  meters. 

In  Figure  6  we  illustrate  the  results  of  all  scintillation  mea¬ 
surements  made  on  this  night  at  the  two  ground  stations. 
Ancon  and  Huancayo.  with  various  geostationary  satellites. 


Pig  4e  Power  spectrum  of  1 37-MHz  scintillations  (5,  -  0  S3 1  recorded  at  Ancon  by  the  use  of  Goes  I  transmissions 
between  0200  and  0207  5  UT  on  March  20.  1977  (2100-2107.5  LT  on  March  19, 1977).  The  power  spectrum  corresponds  to  \ 

the  period  when  intense  50-MHz  radar  backscatter  was  obtained. 
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Fig  4 b  As  in  Figure  4 a  for  the  period  04 1 1 -04 1  H.5  UT  on  March  20.  1977  (231 1 -23 IX 5  LT  on  March  19).  when  5,  = 
0.73  was  recorded  I  he  period  of  scinlillulion  corresponds  lo  weak  and  palchv  MI-MU/  radar  hackscauered  power. 
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Fig.  5.  Frequency  dependence  of  rms  phase  and  St  index  of 
Wideband  satellite  data  recorded  at  Ancon  on  March  19.  1977.  he* 
tween  2327.5  and  2327.8  UT 
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The  panels  from  lop  lo  boiiom  in  Figure  6  are  arranged  in  the 
order  of  decreasing  west  longitude  of  the  subionospheric  posi¬ 
tion  of  scintillation  measurements.  From  Figure  I  it  may  be 
noted  that  subionospheric  locations  of  these  measurements 
spanned  a  longitude  interval  of  nearly  12°  near  the  magnetic 
equator.  The  initial  gap  in  the  results  shown  in  panel  I  was 
caused  by  an  interruption  of  beacon  transmission  from  the 
LES  X  satellite.  The  remaining  panels  (2-7)  indicate  that  the 
onset  of  scintillations  at  different  locations  occurred  between 
(XXX)  and  0100  UT.  Considering  the  different  longitudes  of  all 
these  subionospheric  locations,  the  onset  of  scintillations  is 
found  to  have  occurred  within  4  min  of  1940  LT.  The  local 
time  dependence  or  scintillation  onset  on  this  night  should  not. 
however,  he  taken  as  a  general  rule,  since  we  have  observed 
cases  when  the  irregularity  generation  has  been  localized  in 
space  rather  than  in  local  time  [Aarons  el  ai,  I97X).  In  view  of 
the  consistent  eastward  drift  speed  of  irregularity  patches  at 
night,  the  temporal  variation  of  scintillation  at  an  equatorial 
station  is  dictated  by  the  localized  generation,  in  space  or  lime, 
the  eastward  drill  of  irregularity  patches,  and  the  lifetime  of 
these  drifting  patches.  The  successive  panels  of  Figure  6  have 
to  be  viewed  in  this  contest. 
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fig  ft  temporal  variation  ol  scintillation  index  SI.  in  decibels, 
recorded  .it  Ancon  and  Muancayo  on  March  19-20.  1977.  by  the  use  of 
transmissions  from  various  geostationary  satellites  The  panels  are 
arranged  in  order  of  decreasing  west  longitude  of  ionospheric  inter¬ 
section  points  of  the  various  ray  paths  as  shown  in  f  igure  I 


Disc  issions 

We  have  provided  evidence  for  the  existence  of  at  least  two 
phases  of  irregularity  evolution  in  the  equatorial  F  region.  In 
the  development  phase  during  the  postsunset  hours,  irregulari¬ 


ties  covering  the  scale  length  range  of  lens  of  kilometers  to  3  m 
evolve  simultaneously.  Near-saturated  VHF-UHF  scintilla- 
lions  are  observed  in  this  phase  when  strong  radar  hackscatter 
is  detected  from  an  extended  altitude  range  The  recently  com¬ 
piled  statistics  of  /.  hand  ( 1.54  GHz)  scintillations  observed  at 
Huaneayo  also  indicate  that  the  occurrence  maximum  of  gi¬ 
gahertz  scintillations  is  obtained  in  this  development  phase 
( Mullen  el  at  .  1978)  The  evolution  of  such  thick  irregularity 
layers  takes  place  within  tens  of  minutes  The  generation  of 
irregularities  covering  3-4  decades  of  scale  lengths  has  been 
explained  by  invoking  a  hierarchy  of  instability  mechanisms 
starting  al  the  long  wavelength  end  with  the  gravitational 
Rayleigh-Taylor  instability  [ Haerendel .  1974;  Hudson  and  Ken¬ 
nel.  1975;  Costa  and  Kelley.  1978a,  h).  The  generation  of  irreg¬ 
ularity  patches  extended  both  in  altitude  and  in  E-W  direction 
has  recently  been  explained  by  Kelley  and  On  [1978]  by  adopt¬ 
ing  the  theoretical  analysis  of  a  rising  ionospheric  bubble 
presented  by  On  [1978).  Motivated  by  the  sudden  ‘bile  outs'  of 
plasma  density  observed  by  in  situ  measurements  [ Kelley  et  al  . 
1976;  Morse  el  al  .  1977;  Hanson  and  Sanatani,  1973;  McClure 
el  al .  1977],  Oil  [1978]  used  a  sharp  boundary  model  and 
showed  that  the  basic  equations  applicable  to  the  rising  bubble 
are  identical  with  those  governing  the  behavior  of  a  two- 
dimensional  fluid.  Using  these  results.  Kelley  and  Oil  [I978J 
showed  that  upwelling  plasma  depleted  regions  or  bubbles 
continually  stir  the  medium  and  not  only  fill  the  wake  with 
density  irregularities  in  the  presence  of  density  gradients  but 
also  the  regions  (in  the  E-W  direction)  between  the  bubbles 
through  a  cascading  process. 

Following  the  development  phase,  the  meter-scale  irregular¬ 
ities  are  observed  to  decay,  while  significant  kilometer-scale 
structures  persist  and  continue  to  produce  strong  scintillations 
at  VHF.  Kelley  and  On  [  1978]  have  shown  that  in  the  late 
phase  the  dissipation  scale  moves  to  smaller  k  values  so  that 
the  smallest-scale  structures  disappear  first. 

The  irregularity  structures  that  cause  scintillations  around 
local  midnight  are  conspicuous  by  the  absence  of  any  signif¬ 
icant  spectral  power  at  3-nt  scale  lengths.  However,  suflicient 
spectral  power  is  available  at  long  scale  lengths  to  cause  not 
only  strong  VHF/UHF  scintillations  but  L  band  scintillations 
as  well.  It  is  of  some  interest  to  note  that  6300-A  airglow  meas¬ 
urements  made  on  board  the  aircraft  flown  by  the  Air  Force 
Geophysics  Laboratory  indicated  the  presence  of  regions  with, 
depleted  ionization  near  Jicamarca  corresponding  to  both  the 
early  evening  and  the  near-midnight  scintillation  events 
<J  Buchau,  private  communication,  1978).  Thus  it  is  possible 
to  detect  ionization  depletions  and  strong  scintillations  in  the 
absence  of  extended  3-m  irregularity  structures  or  'plumes.'  A 
similar  irregularity  structure  was  delected  on  March  30.  1977, 
al  2314  LT  (75°W  time),  which  caused  scintillation  as  high 
as  7  dB  (S.  =  0.36)  at  L  band  and  I  dB  (S,  =  0.07)  al  S  band 
and  yet  failed  to  give  rise  to  any  appreciable  VHF  radar  back- 
scatter  It  is  important  to  note  that  even  after  considering  the 
sharp  cutolf  near  the  ion  gyroradius  proposed  by  Woodman 
and Basu  1 1978)  the  above  scintillation  levels  are  expected  to  be 
associated  with  a  relatively  thick  layer  of  moderately  strong 
3-m  irregularities.  Thus  it  seems  that  (he  irregularity  structures 
which  exist  near  midnight  are  characterized  by  a  spectral  cut- 
oll  in  the  vicinity  of  tens  of  meters. 

The  nature  of  the  irregularity  spectrum  at  short  scale  lengths 
needs  much  further  study  It  will  be  worthwhile  to  make 
observations  of  gigahertz  scintillations  in  close  proximity  to 
Jicamarca  to  determine  the  relationship  of  irregularity  scale 
lengths  of  - 100  m  with  the  3-m  scale  length  during  the  various 
phases  of  irregularity  evolution.  In  addition,  rocket  measure- 
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mcnts  of  the  fully  developed  topside  irregularity  sped  rum 
would  be  extremely  useful  in  bridging  the  gap  between  the 
above  scale  length  regimes. 
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Our  understanding  ol  lransionospheric  radio  wave  propagation  problems  associated  with  irregulars 
ties  in  the  nighttime  equatorial  /'  region  has  grown  enormously  in  the  past  few  years.  This  has 
been  achieved  by  making  coordinated  phase  and  amplitude  scintillations  from  a  host  of  geostationary 
and  orbiting  satellites  and  mullitechnkjuc  irregularity  measurements.  The  variety  of  supporting 
measurements  include  radar  backscatter.  in  situ  irregularity  observations  by  rockets  and  satellites, 
and  airglow  and  umosonde  observations  aboard  aircraft.  Because  of  the  great  volume  of  work 
in  this  field  the  scope  of  the  present  review  is  limited  to  a  description  of  these  recent  coordinated 
observations  and  a  discussion  of  the  relevant  theories  of  irregularity  generation  An  attempt  is 
then  made  to  explain  some  aspects  of  equatorial  scintillations  on  the  basis  of  these  new  theoretical 
developments 


I  introduction 

Four  decades  alter  the  discovery  of  the  phenom¬ 
enon  called  'equatorial  spread  h"  | Booker  and 
Wells.  I93X|,  the  general  problem  of  nighttime 
cquatonal  /■'  region  irregularities  continues  to  be 
a  fascinating  one  to  theoretical  and  experimental 
geophysicists.  This  problem  is  also  one  of  serious 
concern  to  communications  engineers,  as  it  is  well 
known  that  these  irregularities  cause  amplitude 
scintillation  which  can  degrade  the  performance  of 
satellite  communication  links.  More  recently,  it  has 
become  clear  that  naturally  occurring  phase  scin¬ 
tillation  can  impair  the  performance  of  satellite 
systems  that  use  synthetic  aperture  processing  to 
achieve  high  angular  resolution. 

In  our  first  review  of  this  subject,  presented  at 
the  Filth  International  Symposium  of  Equatorial 
Aeronomy  in  August  1976  and  recently  published 
| Hasu  and  Kellev .  1977).  we  concluded  that  large- 
scale  convective  upwelling  of  the  equatorial  plasma 
was  csponsible  for  the  most  intense  scintillation. 
Evidence  for  this  upwelling  process,  which  carries 
regions  of  low  plasma  density  'bubbles'  into  the 
high-density  topside  region,  has  come  from  rocket 

I  .•!«»  light  I**  hi  hv  tlu  AiHctK  .tit  * ■«  n|'livsi,  al  I  ■ 


experiments  | Kelley  el  at..  1976 \  Morse  et  al..  1977) 
from  radar  studies  |  Woodman  and  LaHoz,  1976), 
and  in  a  rather  definitive  manner  from  satellite 
measurements  [McClure  et  at.,  1977).  One  example 
of  such  topside  'holes’  or  'bubbles’  observed  with 
the  AE-C  satellite  is  shown  in  Figure  1.  The  ion 
drift  meter  data  show  that  the  plasma  inside  the 
bubbles  was  moving  upward  and  to  the  west  in 
the  plasma  rest  frame. 

The  connection  between  intense  scintillations  and 
the  bubble  phenomena  postulated  by  Ba.su  and 
Kelley  [1977]  was,  however,  based  on  inference 
rather  than  direct  simultaneous  measurement.  For 
example,  Costa  and  Kelley  [1976)  calculated  the 
scintillation  effects  of  pure  bottomside  equatorial 
spread  F.  They  used  the  plasma  density  profiles 
shown  in  Figure  2  obtained  by  a  sounding  rocket 
and  concluded  that  only  modest  scintillation  would 
result  at  VHF  frequencies,  with  negligible  effect 
at  gigahertz,  frequencies.  On  the  other  hand,  using 
topside  in  situ  irregularity  data  from  Ogo  6  shown 
in  Figure  3,  Ba.su  and  Ba.su  [1976)  showed  that 
saturated  VHF  scintillation  and  moderate  gigahertz 
scintillation  can  be  explained  on  the  basis  of  large 
amplitude  irregularities  with  large  outer  scales  in 
an  environment  of  high  electron  density  [ McClure 
and  Hanson.  I973|  which  are  distributed  in  thick 
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fig  }  Ion  drift  meter  dam  from  AI:-<‘  i»rhil  22H2  I  hr 
observed  pitch  and  yaw  angles  arc  shown  in  the  upper  and 
lower  curves  of  the  top  panel,  and  the  total  density  on  the 
bottom  Positive  angles  correspond  to  ions  moving  up  or  left 
with  respect  to  the  spacecraft  (after  McClure  ei  al..  I977| . 

layers  \Basu  et  al.,  1977)  An  alternate  explanation 
has  been  offered  by  Booker  j  1975) .  who  pointed 
out  that  low-level  irregularities  threading  the  plas- 
masphere  could  also  create  the  equatorial  scintilla¬ 
tions. 

Since  that  review,  significant  new  information 
on  scintillations  has  been  obtained  via  dedicated 
experiments  aimed  at  testing  these  hypotheses  and 
relating  the  scintillation  measurements  to  simulta¬ 
neous  multitechnique  probing  of  equatorial  irregu¬ 
larities.  These  results  are  summarized  in  the  next 
section,  which  is  followed  by  a  discussion  in  section 
3  of  recent  theoretical  studies  of  equatorial  irregu¬ 
larities  and  their  relationship  to  scintillations.  In 
the  concluding  section  we  attempt  to  synthesize 
theory  and  observation. 


2  Rtn.NI  l.ytMTORIAI.  S<  INTIM  ATION 

observations 

In  this  section  we  shall  present  two  major  experi¬ 
mental  efforts  undertaken  by  various  groups  to 
study  the  nature  of  equatorial  scintillations  and  their 
relationship  to  other  observable  irregularity  param¬ 
eters.  The  first  is  a  joint  campaign  conducted  by 
the  Air  Force  Geophysics  Laboratory  (AFGL).  the 
Instituto Geophysico del  Peru(IGP),  the  University 
ol'Texas  al  Dallas (UTD).  and  the  SRI  International 
(SRII)  near  the  magnetic  equator  in  Peru.  The 
second  is  the  DNA  Wideband  satellite  experiment 
conducted  by  SRII  at  two  equatorial  stations,  which 
has  provided  the  first  comprehensive  measurements 
of  phase  scintillations. 

?  1  Joint  equatorial  irregularity  campaigns  in 
Peru.  An  intensive  study  of  nighttime  electron 
density  irregularities  in  the  equatorial  ionosphere 
was  performed  in  October  1976  and  March  1977 
by  conducting  simultaneous  radar  and  scintillation 
measurements  near  the  magnetic  dip  equator  in 
Peru.  The  50-MHz.  radar  observations  were  made 
at  Jicamarca.  and  scintillation  measurements  were 
performed  at  the  nearby  ground  stations  of  Ancon 
and  Huancayo  by  receiving  VHP  transmissions 
from  geostationary  and  orbiting  satellites.  In  addi¬ 
tion,  the  AFGL  aircraft  was  employed  to  make 
on-board  scintillation,  ionosonde,  and  airglow  mea¬ 
surements  to  provide  spatial  configuration  of  ir¬ 
regularity  patches  as  well  as  to  determine  the 
existence  of  density  depletions  indicated  by  in  situ 
measurements.  Simultaneous  in  situ  electron  den- 
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Fi|.  2  Uptc*  tnd  downleg  plasma  density  profiles  obtained  on  a  sounding  rocket  during  equatorial  spread 
f  The  arrow  shows  the  locations  of  a  deep  depression  in  plasma  density  |atler  Krlln  et  at .  I976| 
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mi y  data,  similar  U>  those  shown  in  Figure  I,  were 
obtained  from  the  AK-F  satellite  The  ninllisiation 
scintillation  measurements  were  used  to  studs  the 
localized  origin  of  large-scale  triegularils  patches 
their  drill  speed,  spatial  extent,  and  lifetime  >n  the 
equatorial  ionosphere  The  simultaneous  radar  and 
scttiltllalion  observations  also  provided  information 
on  the  relationship  between  the  meter-  and  kilontc- 
ter-si/ed  irregularities  giving  rise  to  the  radar  back 
scatter  and  VHF-UHF  scintillations,  respectively. 
Much  new  information  became  available  as  a  result 
of  this  mayor  effort,  and  many  publications  and 
presentations  have  been  made  based  on  these  corre¬ 
lated  data  sets  These  are  summarized  below  with 
specific  references 

I  There  is  great  variability  of  irregularity  occur¬ 
rence  from  one  night  to  another  On  certain  nights, 
such  as  on  October  <16  17,  Id76,  a  single  irregularity 
patch  evolved  til  a  particular  location  and  then 
drifted  eastward  lor  a  period  dictated  by  its  lifetime, 
as  discussed  by  Aarons  et  al.  )I978|.  On  some 


other  nights,  a  series  of  irregularity  patches  with 
a  large-scale  quasi-periodicity  was  observed.  A  good 
example  of  such  a  configuration  was  obtained  on 
October  1‘)  20.  as  shown  in  figure  4,  taken  Ironi 
the  detailed  report  on  the  October  campaign  done 
by  Ra.su  and  Aarons  |I977)  Figure  5.  also  taken 
from  the  report,  shows  the  respective  positions  for 
the  observations  The  important  point  to  note  from 
the  radar  map  is  that  a  relatively  thin  layer  of 
bottomside  irregularities  appeared  at  1950  LT. 
which  by  2015  developed  into  a  plume  structure 
extending  several  hundred  kilometers  into  the  top¬ 
side.  A  second  plume  developed  at  2140  LT.  The 
drifting  plume  structures  caused  severe  scintilla¬ 
tions  C>20  dB)  at  the  ground  stations,  with  periods 
of  4-  to  6-dB  scintillation  caused  by  the  bottomside 
structures  observed  in  between  the  plumes.  It  is 
interesting  to  note  that  UF  forward  scatter  experi¬ 
ments  in  the  equatorial  region  had  earlier  obtained 
evidence  of  irregularity  patches  existing  in  quasi- 
periodic  patterns  | Rotii’er .  1976).  On  yet  other 
nights,  there  were  no  irregularities  within  the  900-km 
east-west  coverage  provided  by  the  Jicamarca  radar 
and  various  satellites. 

2.  Although  the  irregularity  patches  occur  after 
local  sunset,  these  are  found  to  evolve  either  to 
the  west  or  to  the  east  of  any  specific  station, 
signifying  that  local  conditions  and  not  just  local 
time  dictate  the  generation  of  irregularities  [Ba.su 
and  Aarons.  1977). 

3.  The  large-scale  irregularity  patches  are  found 
to  consistently  drift  eastward  between  I9(X)  and 
2400  I  T,  with  a  speed  ranging  between  90  and  140 
m/s.  If  the  temporal  variation  of  scintillation  is 
combined  with  the  drift  speed,  the  east-west  dimen¬ 
sions  of  the  patches  are  found  to  range  typically 
between  2(X)  and  400  km,  although  some  are  larger 
| Ra.su  and  Aarons.  1977) 

4.  Another  important  aspect  of  the  campaign  was 
the  determination  of  the  relationship  between  the 
relatively  large  scale  irregularities  that  cause  scin¬ 
tillation  (  I  km  to  100  m)  and  the  small-scale 
irregularities  that  cause  50-MHz  backscatter  (3  m). 
Woodman  and  Basu  1 1978) ,  using  the  simultaneous 
backscatter  and  scintillation  data  obtained  from  a 
nearly  common  ionospheric  volume,  found  that  both 
these  types  coexisted  in  the  developing  phase  of 
the  irregularities.  However,  they  also  showed  that 
if  the  commonly  accepted  It  ’  power  law  irregularity 
spectrum  [ Dyson  el  al..  1974)  was  extended  to  the 
Jicamarca  backscatter  wave  number,  a  discrepancy 
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LOCAL  TIME 


Fig.  4.  Temporal  variation  of  the  50-MHz  radar  backscatter  observed  at  Jicamarca  and  scintillation  index. 
SI(dB).  of  the  249- MH/  transmissions  from  the  Les  9  satellite  recorded  at  Ancon  and  lluancayo  on  October 
19-20.  1976  |after  Basu  and  Aarons .  1977). 
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Fig.  5.  The  geometry  of  radar  backscatter  and  scintillation  measurements  during  the  AI'GL  equatorial 
campaign  in  October  1976  The  ground  locations  for  various  observatories  and  subionospheru.  <400  km) 
locations  for  Les  9  are  shown  (after  Basu  and  Aarons,  I977| 
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ol  4(1  till  would  he  lound  ul.ilive  to  (he  observed 
backsc.mer  echo  strength  I  <>  bring  compulations 
and  observations  into  agreement,  they  postulated 
a  (iau.ssian  type  ol  cutoff  near  the  C) 1  ion  gyroradius 
which  is  on  the  order  of  t  m  in  the  topside  iono¬ 
sphere  Such  a  eutoll  could  be  considered  to  be 
ihe  ‘inner  scale"  of  turbulence.  This  poml  is  dis¬ 
cussed  further  in  the  next  section.  Hooker  and 
f-'crfiUMon  |  I47K|  have  also  postulated  an  inner  scale 
near  the  ionic  gyroradius  to  explain  spread  h'  signa¬ 
tures  on  equatorial  lonograms  in  the  Ilf-  band. 

As  ,i  result  of  further  co  located  scintillation  and 
radar  obsers  at  ions  during  the  March  1477  campaign. 
tin  mi  el  al.  ||97Xu|  have  come  to  the  conclusion 
that  kilometer  and  meter  scales  coexist  only  during 
the  developing  phase  in  the  early  evening  hours, 
figure  ti,  obtained  by  combining  two  diagrams 
presented  by  Ha.su  el  al  |  197XA  | .  shows  co-located 
scintillation  and  backscalter  measurements  made 
on  March  14  70,  1477  The  sharp  onset  of  strong 
scintillations  al  137  Mil/  is  well  correlated  with 
the  development  of  strong  t  in  irregularities  at  1450 
IT.  However,  strong  scintillations  continue  beyond 
2040  I  I  when  3  in  irregularities  are  found  to  decay. 
Bv  the  use  of  mullisatellite  observations  these 
authors  have  also  established  that  ibe  second  scin¬ 
tillation  structure  beginning  at  2300  IT  was  caused 
bv  a  drilling  irregularity  patch.  This  structure  was 


associated  with  the  significant  /.-band  scintillations 
of  the  Wideband  satellite  signal  but  negligible  3-m 
backscalter.  These  findings  lead  Hasuel  al.  [  I47HA) 
to  speculate  that  at  later  local  times  the  cutoff  scale 
length  is  probably  of  the  order  of  few  tens  of  meters. 

5  The  AFUL  aircraft  scintillation  observations 
have  helped  separate  the  spatial  and  temporal  be¬ 
havior  of  irregularities,  while  the  on-board  iono- 
sonde  and  optical  imaging  systems  have  found 
evidence  of  electron  density  depletions  in  the  hot- 
tomside  /‘region.  Figure  7,  using  data  kindly  made 
available  by  J.  Buchau.  shows  the  locus  of  the 
subionospheric  point  as  the  aircraft  Hew  between 
ground  stations  on  October  14  20.  1476.  The  thin 
lines  signify  the  absence  of  scintillations,  while  the 
thicl  lines  signify  their  presence.  The  top  panel 
shows  that  during  2247  UT  (October  19)  to  0015 
UT  (October  20),  when  the  ground  stations  at  Ancon 
and  Huancayo  did  not  record  any  scintillations,  as 
may  be  observed  from  Figure  4.  the  aircraft  did 
not  detect  any  irregularities  in  the  entire  latitude 
range  of  11°  I3°S  and  longitude  interval  of  72c 
75"W.  The  bottom  panel  shows  that  from  0015  UT 
onward  the  aircraft  delected  three  irregularity 
patches  with  distinct  boundaries,  indicating  spatially 
localized  irregularity  generation  after  UT  midnight 
(i.e.,  1900  LT).  The  imagingsystem  provided  all-sky 
pictures  of  the  6300- A  Ol  airglow  emission,  which 
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I  ig  6  temporal  variation  ol  50-MH/  radar  back  scant  red  power  obtained  at  Jicamarca  and  scintillation 
rule*.  SluJH).  o(  M7-MII/  transmissions  from  the  (it»es  I  satellite  recorded  at  Ancon  on  March  19-20, 
l  *  ‘7  Both  sets  ol  data  reler  to  a  nearly  common  ionospheric  volume  [alter  Basu  <7  at  .  1  J 
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Fig.  7.  Subionosphcric  flight  path  of  the  AKiL  aircraft  making  249-MH7.  scintillation  observations  with 
Les9on  October  19-20.  1976.  Thin  and  thick  lines  indicate  the  absence  or  presence  of  scintillations,  respectively 
(after  Basu  and  Aarons.  1977) 


results  from  dissociative  recombination  of  Oj  in 
the  F  region.  Initial  observations  show  the  existence 
of  north-south  aligned  regions  of  airglow  depletion 
[  Weber  el  al.,  1978] .  An  isolated  airglow  depletion 
band  observed  on  March  17,  1977,  is  modeled  in 
Figure  8  as  a  troughlike  bottomside  electron  density 
depletion,  which  explains  the  observed  airglow  and 
ionosonde  features.  Further  details  regarding  the 
association  of  the  airglow  depletion  with  scintilla¬ 
tions  and  3-m  backscatter  are  provided  by  Buchau 
el  al.  1 1978] .  It  is  important  to  note,  however, 
that  not  all  airglow  depletions  are  associated  with 
plumes  on  backscatter  maps  \Basu  et  al..  1978/)]. 

6.  The  scintillation  data  obtained  from  the  various 
ground  stations  (in  particular,  spaced  receiver  mea¬ 
surements  made  at  Ancon)  and  the  data  obtained 
from  the  AFGL  aircraft  as  well  as  the  Air  Force 
Avionics  Laboratory  (AFAL)  aircraft  have  been 


Fig  8,  Model  of  an  eastward  drifting  bottomside  Y  depletion 
based  on  observed  ionosonde  and  airglow  parameters  The 
measured  ranges  of  oblujue  returns  and  the  virtual  height  of 
overhead  h  region  are  compared  with  range/ height  changes 
expected  from  the  passage  of  the  model  bottomside  structure 
over  the  ionosonde  |afler  Weber  et  al..  I978| 
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used  lo  determine  whether  diversity  techniques  can 
mitigate  ihe  effects  of  intense  amplitude  scintillation 
at  250  Mil/  \Whitnev  el  al  .  I977|  In  particular, 
it  was  found  that  the  high  degree  of  decorrelation 
over  a  base  line  of  36b  m  associated  with  rapid 
severe  intensity  fluctuations  (.V,  I)  make  space 
diversity  techniques  useful  [Whunev.  I97x| 

As  far  as  radio  communicators  are  concerned, 
this  multitechnique  studs  has  shown  that  topside 
irregularities  have  an  enormous  effect  on  transion- 
ospheric  propagation.  These  irregularities  have  been 
called  bubbles’  by  those  using  the  satellite  in  situ 
technique  | Mi  l  lure  cl  al  1977]  and  ‘plumes'  by 
those  using  the  radar  technique  |  Woodman  and 
l.allo:.  |U76|  Kasloyi  and  Woodman  1 1478]  have 
shown  that  this  radar  backscatter  is  associated  with 
range  spread  on  equatorial  ionograms  These 
campaigns  have  provided  convincing  evidence  that 
saturated  VIII  and  moderate  gigahertz  scintillations 
are  associated  with  bubbles  and  plumes  in  the 
equatorial  region.  Basil  cl  a!  1 1978a,  6|  have 
further  established  that  the  3-m  plumes  are  relatively 
short  lived  in  comparison  with  the  bubbles  Thus 
large  scintillation  effects  on  VHF-UHF  channels 
are  to  be  expected  not  only  when  radar  plumes 
are  observed  but  also  when  the  drifting  bubbles 
cross  the  ray  path  of  a  transionospheric  communi¬ 
cation  channel  On  the  other  hand,  there  are  nights 
during  which  moderate  VIII  scintillation  activity 
is  noted,  and  these  are  associated  with  only  weak 
boltomsidc  radar  activity  |  Basil  el  al  .  1977,  Ba.su 
and  Aarons.  I977|  It  would  thus  he  highly  benefi¬ 
cial  to  the  user  community  if  a  system  could  be 
developed  to  predict  the  occurrence  of  bubbles  on 
a  pur l n  nlai  evening 

3  2  Wideband  sau’llile  observations  The  Wide¬ 
band  satellite  was  launched  into  a  sun  synchronous, 
near-polar  orbit  on  May  22,  1976,  carrying  a  mul¬ 
tifrequency  coherent  radio  beacon  on  board.  The 
mutually  coherent  signals,  which  range  from  VHF 
to  \  band,  are  being  recorded  hv  SR  1 1  al  ground 
stations  in  Poker  Flat,  Alaska,  and  two  equatorial 
stations,  namely.  Ancon,  Peru,  and  Kwajalem  in 
the  Pacific  sector.  The  equatorial  station  al  Kwaja¬ 
lem  was  set  up  to  determine  longitudinal  differences 
in  equatorial  scintillation  first  pointed  out  by  Ba.su 
cl  al  |I976|  on  the  basis  of  in  situ  irregularity 
data  We  shall  primarily  discuss  the  equatorial  data 
but  will  point  out  certain  basic  differences  with 
auroral  scintillation  structure  that  have  been  report¬ 
ed  by  the  SRII  group  The  following  information 


has  been  taken  from  Kino  el  al  1 1977]  and  Fremouw 
cl  al  1 1978] 

I  The  most  important  aspect  of  these  observa¬ 
tions  has  been  the  realization  that  ionospheric  radio 
wave  propagation  is  dominated  by  large  slowly 
varying  phase  scintillations.  These  can  be  large  even 
in  the  absence  of  significant  amplitude  scintillations. 
The  latter  statement  is  particularly  true  for  the 
auroral  zone.  Indeed,  the  measurement  of  simulta¬ 
neous  phase  and  amplitude  scintillation  has  shown 
that  compulations  of  phase  deviation  based  on  the 
weak  scatter  theory  using  the  observed  amplitude 
scintillation  would  grossly  underestimate  the  actual 
phase  scintillation  level.  On  the  basis  of  these 
observations  Ihe  SRII  group  has  developed  a  multi¬ 
plicative  two-component  model  lo  characterize  the 
joint  first-order  statistics  of  amplitude  and  phase. 
This  model  is  discussed  in  detail  by  Fremouw  el 
al.  [1976],  Briefly,  the  idea  is  to  separate  two 
components  of  the  total  (complex)  scintillating  sig¬ 
nal  by  filtering.  Because  of  the  power  law  nature 
of  the  irregularity  spectrum  the  low-frequency  cut- 
olf  had  to  be  somewhat  arbitrarily  defined.  Thus 
by  using  a  double  detrending  process  it  was  possible 
to  separate  a  ‘focus’  component  having  fluctuations 
with  periods  between  2.5  and  10  s  and  a  ‘scatter’ 
component  having  fluctuation  periods  smaller  than 
2.5  s.  The  focus  component  gives  rise  lo  the  large 
slow  phase  fluctuations,  while  the  scatter  compo¬ 
nent  causes  the  fast  intensity  fluctuations.  Figure 
9.  taken  from  Fremouw  el  a!  [1978] .  contains  VHF 
data  sets  showing  these  two  components  obtained 
from  each  of  the  three  latitudinal  regions  where 
SRII  had  ground  stations  (initially  the  Wideband 
observations  were  started  at  Stanford,  the  equip¬ 
ment  being  moved  lo  Kwajalein  in  October  1976). 
It  is  interesting  to  note  that  for  the  same  value 
of  the  .V4  index  (a  measure  of  the  scatter  component) 
the  standard  deviation  of  phase  (a  measure  of  the 
focus  component)  varies  substantially  at  different 
locations,  being  the  smallest  at  the  equator.  This 
has  been  found  to  be  a  consistent  feature  |  Fremouw . 
1977]  and  may  be  of  importance  for  irregularity 
generation  mechanisms,  although  the  detrend  inter¬ 
val  and  effective  scan  velocity  of  the  satellite  may 
also  affect  this  ratio.  Whilnev  and  Ba.su  |I977] 
have  reported  earlier  a  difference  in  the  slope  of 
the  intensity  spectrum  between  an  equatorial  and 
an  auroral  station. 

l  or  communications  purposes  it  is  important  to 
characterize  the  statistics  of  signal  fluctuations. 
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Fig  9  Scalier  diagram!!  on  the  tnmplex  plane  for  (tell)  the 
focus  component  and  (right)  the  scatter  component  isolated  Irom 
segments  of  VHF  Wideband  records  obtained  at  (top)  a  mid-lati- 
tude.  (center)  an  auroral,  and  (bottom)  an  equatorial  station 
|aftcr  Premouw  et  al  .  1978] 


Hitherto,  Rician  statistics  have  been  used  exten¬ 
sively  in  communication  theory  as  a  model  for 
certain  noise  processes  [Hatfield  and  Rinn,  1975] . 
The  received  signal  from  an  ionospherically  dif¬ 
fracted  plane  wave  can  be  considered  as  a  complex 
Gaussian  process,  v  =  v,  +  »v,.  This  process,  v. 
is  said  to  have  Rician  statistics  when  the  variances 
of  v,  and  v,  are  equal  and  their  covariance  is  zero 
It  may  be  noted  from  Figure  9  that  in  the  equatorial 
region  the  scatter  component  displays  a  very  Rician 
characteristic,  while  that  obtained  at  (he  mid-lati¬ 
tude  station  is  highly  non-Rician. 

2.  The  SRII  group  has  categori/.ed  scintillations 
qualitatively  into  seven  groups  ranging  from  ‘ex¬ 
tremely  quiet’  to  ‘extremely  active.'  It  is  interesting 
to  note  that  equatorial  stations  provide  the  majority 
of  cases  in  both  these  extreme  situations  compared 
with  the  auroral  station,  where  a  ‘modestly  active' 
behavior  is  most  frequent.  This  equatorial  scintilla¬ 
tion  behavior  is  probably  caused  by  the  great 


day-to-day  variability  in  irregularity  occurrence  dis¬ 
cussed  in  section  2  I 

V  During  extremely  active  conditions,  scintilla¬ 
tions  are  found  to  persist  in  the  gigahert/  range 
The  observations  of  gigahertz  scintillations  with  a 
low  orbiting  satellite  proved  that  weak  irregularities 
existing  throughout  the  plasmaxphcre  arc  not  a 
necessary  condition,  as  was  suggested  bv  Honker 
1 1**75 1 

4.  The  mullifrequcncy  Wideband  observations 
have  shown  that  the  standaid  deviation  of  phase 
in  general  shows  an  f  1  behavior  even  under  con¬ 
ditions  of  strong  diffractive  scatter.  Occasional 
violation  of  the  law  lias  been  observed  in  conjunc¬ 
tion  with  strong  scintillations  in  the  gigahertz  range 
Figure  10  shows  the  frequency  dependence  of  phase 
scintillation  during  two  2()-s  periods  of  a  pass  on 
December  16.  1976.  which  falls  in  the  extremely 
active’  category.  The  /.-band  point  has  been  cor¬ 
rected  for  the  .S'-band  phase  perturbations  which 
were  present  at  the  beginning  of  the  pass.  In  the 
less  disturbed  sample  obtained  at  a  low  elevation 
angle  in  a  near-magnetic  meridian  plane  the  VIII 
departs  significantly,  and  even  the  LJ 1 11-  points  show 
some  scatter  Al  such  limes  the  slope  />  ol  ihe 
phase  spectrum  also  flattens,  with  values  of  p 

2  being  observed  al  VHI  and  UHF. 

5.  The  frequency  dependence  of  intensity  scin¬ 
tillations  observed  during  the  same  periods  is  shown 
in  Figure  1 1 .  The  fully  developed  or  saturated  nature 
of  the  intensity  scintillations  at  VHF  and  the  five 
UHF  frequencies  analyzed  during  the  more  dis¬ 
turbed  period  is  apparent  in  the  departure  of  these 
six  data  points  from  an  /  1  '  dependence  \Rufe- 


Fig  10  I  requency  dependence  ol  phase-scintillation  index 
during  two  20-s  periods  of  the  Ancon  Wideband  pass  on 
December  16.  1176.  compared  with  an  f  '  dependence  arbitrarily 
passed  through  the  41. VMM/  data  point  (after  t'remouw  ft  at., 
I978| . 
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\  ip  II  I  icqiufK  v  ilcpcjulciuc  m|  intensity  •scintillation  index 
dtmngt  Ills  pcnuils  of  the  Ancon  Wideband  pass  on 
Dcicmhcr  ;(■  |97<».  compared  with  .in  f  1  '  dependence  |after 
t remou*  ft  ,//  .  197*| 

not  h.  I974|  (hat  holds  between  L  band  and  S  band. 
Such  a  reduction  in  frequency  dependence  of  inten¬ 
sity  scintillations  in  the  multiple-scatter  regime  had 
been  discussed  earlier  by  Yehetul.  ( 1*7751 ,  Whitney 
unit  Hutu  1 1*1771.  and  Mullen  el  ul  | I977| .  Under 
extremely  active  conditions  it  is  possible  to  have 
intensity  decorrelation  across  the  UHF  comb  of 
frequencies.  In  this  regard  tt  should  be  noted  that 
during  the  March  I *>77  Al'OI.  campaign  it  was  found 
that  most  Wideband  passes,  even  those  showing 
gtgahert/  scintillation,  were  not  associated  with  3-m 
radar  backscatter  | Basil  el  ul..  19786)  This  point 
has  heen  discussed  in  section  2.1  Thus  it  is  not 
yet  known  whether  intensity  decorrelation  during 
the  developing  phase  of  equatorial  irregularities  will 
be  even  greater. 

n  I  he  SRII  group,  on  the  basis  of  their  observa¬ 
tions  at  Kwapilein  (9°N  geographic.  8°N  dip)  and 
Ancon  1 1 1  S  geographic.  2nN  dip),  has  indicated 
that  there  is  a  local  summer  maximum  ol  equatorial 
scintillations  On  the  other  hand,  (Ihana  observa¬ 
tions  (S'  N  geographic;  dip)  over  a  5-vear  period 
depict  a  local  summer  minimum  \K  oxter.  I97b|. 
as  shown  in  f  igure  12.  Thus  the  control  may  be 
longitudinal  rather  than  seasonal,  with  differences 
being  observed  between  the  Atlantic  and  the  Pacific 
sector  |  Huxu  el  ul .  1976.  Aarons.  I  *477 1 .  The  reason 
for  such  effects  are  as  yet  unclear. 

7  Depletion  of  total  electron  content  (TEC)  has 
been  noted  at  Kwajaletn  in  conjunction  with  active 
scintillation  conditions.  One  specific  case  with  3 OS? 
rt(  depletion  has  been  discussed  in  detail  ( h're- 
mouwanJ  l.ansinger.  1977;  hremouw.  1 978 J ,  K oxter 


l  ig  12  Seasonal  variation  ol  136-MHz  scintillation  f  rom  AT  S 
\  at  l.cgon.  (ihana.  during  the  period  September  197 1  to 
December  197V  Note  that  the  annua)  component  (with  a  mini¬ 
mum  in  the  June  solstice)  has  twice  the  amplitude  of  (he 
semiannual  component  |  after  Koster,  1976) . 


(1976)  has  provided  extensive  evidence  using  42 
months  of  simultaneous  TEC  and  scintillation  mea¬ 
surements  at  (ihana  (excluding  the  June  solstice) 
that  scintillations  in  the  premidnight  period  are 
associated  with  TEC  depletions.  The  largest  TEC 
depletion  is  noted  at  2100  LT.  a  time  that  is  closely 
associated  with  the  development  of  plumes  on  radar 
maps.  This  agrees  well  with  current  theoretical  ideas 
and  in  situ  observations  of  the  association  of  equa¬ 
torial  irregularities  with  density  depletions.  More 
recent  data  obtained  at  Kwajalein  during  August 
1977  show  nearly  sinusoidal,  long-wavelength  vari¬ 
ations  in  TEC  measured  along  the  Wideband  trajec¬ 
tory  at  times  when  the  Altair  radar  was  observing 
backscatter  at  150  MHz  (M.  J.  Baron,  R.  C.  Living¬ 
ston.  and  R.  T.  Tsunoda.  private  communication, 
1978).  This  may  indicate  possible  gravity  wave 
seeding  of  equatorial  irregularities. 

V  Ht-.U-.N1  VIltORLTK  At.  RESULTS 

Theoretical  efforts  have  kept  pace  with  the  multi¬ 
technique  experimental  efforts  described  above. 
Numerical  simulations  of  a  Rayleigh  Taylor  unstable 
ionosphere  [Pun gey.  1956;  Haerendel.  1974;  Hud¬ 
son  and  Kennel.  1975)  in  the  collision-dominated 
case  have  been  made  by  Scannapieco  and  Ossakow 
1 1976) .  They  showed  that  an  initial  3-km  wavelength 
finite  amplitude  sinusoidal  perturbation  on  the  hot- 
tomside  eventually  formed  a  bubblelike  structure 
which  rose  into  the  topside,  such  as  was  seen  by 
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the  experimental  techniques  mentioned  earlier. 
The  development  time  of  Itf*  s  determined  by 
Scannapieco  and  Ossakow  was  considerably  longer 
than  that  observed,  but  another  simulation  published 
recently  by  the  same  group  [Ossakow  el  til..  I97H| 
shows  much  more  rapid  evolution.  These  computer 
simulations  are  strongly  supported  by  an  analytic 
treatment  due  to  Oil  (I978|,  who.  assuming  the 
experimental  validity  of  the  bubble  concept,  calcu¬ 
lated  their  shape  and  velocity  as  a  function  of 
altitude  and  size.  At  low  altitudes  he  found  that 
the  bubbles  should  be  cylindrical  (circular  cross 
sections  and  uniform  along  8)  and  that  they  rise 
with  the  velocity 


/  "  -  \ 

u  =  ( - I  g/(i*„)  (U 

where  nh  is  the  density  inside  the  bubble,  n  is 
the  density  outside,  g  is  the  acceleration  due  to 
gravity,  and  vlais  the  ion  neutral  collision  frequency. 
At  high  altitudes,  where  ion  neutral  collisions  can 
be  neglected.  Ott  showed  that  the  equations  govern¬ 
ing  the  motion  are  identical  to  the  equations  of 
two-dimensional  ordinary  fluids  (for  example,  a 
liquid  constrained  between  two  planes  with  separa¬ 
tion  distance  much  less  than  the  size  of  the  planes). 
Considerable  theoretical  and  experimental  work  has 
already  been  dene  on  such  fluids  and  can  thus  be 
directly  applied  to  the  present  problem.  The  ob¬ 
served  bubble  shape  is  shown  in  Figure  13.  and 
the  velocity  is  given  by 

u  =■  0.5(Rg)‘  ;  (2) 

where  R  is  the  radius  of  the  circular  ‘cap'  shown 
at  the  top  of  the  diagram.  (It  should  be  noted  that 
all  statements  concerning  velocity  fields  or  velocity 
turbulence  can  be  replaced  by  discussions  of  electric 
Fields  or  electrostatic  turbulence,  since  V  -  K  x 
B/B‘.) 

From  the  foregoing  discussion  of  experimental 
and  theoretical  studies  we  find  that  an  outstanding 
feature  of  equatorial  spread  F  on  the  topside  is 
the  presence  of  large-scale  (~IO-km  scale)  regions 
of  low  plasma  density  with  very  sharp  gradients 
at  the  edges.  The  source  of  energy  for  this  inter¬ 
change  of  low-  and  high-density  plasma  is  the  excess 
gravitational  potential  energy  which  resides  in  the 
F  region  plasma  supported  against  gravity  by  the 
magnetic  Field.  The  nonlinear  process  must  be 
initiated,  however,  and  several  mechanisms  have 


l  ig  U  Bubble  shape  and  vorle»  generation  mechanism  latter 
Kelley  and  Oil  l>)7K] 


been  suggested.  In  the  linear  Rayleigh-Taylor 
process  the  zero-order  upward  density  gradient  is 
disrupted  by  the  electrostatic  fields  in  the  instability. 
It  seems  clear  that  this  process  does  operate  on 
the  boltomside.  possibly  enhanced  by  the  F.  x  8 
instability  [Kelley  el  at.,  1979),  but  its  role  in 
producing  topside  irregularities  is  not  proven.  A 
strong  candidate  for  seeding  Finite  amplitude  low- 
density  regions  near  the  topside  is  the  action  of 
atmospheric  gravity  waves  [Beer.  1974:  Rdttger. 
1978;  Booker.  1978],  which,  if  the  waves  have  an 
upward  group  velocity,  can  ‘spatially  resonate’  with 
plasma  moving  downward  [Whitehead,  1971). 
Klostermeyer  \  1978)  has  shown  that  this  process 
indeed  leads  to  large-amplitude  long-wavelength 
perturbations  near  the  F  peak. 

Another  outstanding  feature  of  equatorial  spread 
F  is  the  wide  range  of  wavelengths  exhibited  by 
spread  F  irregularities,  l  or  instance,  the  3-m  scale 
length  is  3  4  orders  of  magnitude  smaller  than  the 
primary  process  described  above.  Two  processes 
have  recently  been  suggested  which  may  well  ac¬ 
count  both  for  the  wide  range  of  wavelengths  and 
for  the  extended  spatial  extent  of  spread  F 

Costa  and  Kelley  |  I978u.  b|  have  considered  the 
steep  gradients  in  plasma  density  associated  with 
bottomside  irregularities  (see  Figure  15)  and  pre¬ 
sumably  also  with  topside  bubbles  and  have  shown 
that  drift  waves  should  grow  rapidly  on  the  observed 
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l-ig  14  Urowtii  rate  *  a-'  liinilinn  ol'  the  parameter  /»  The 
curve  labeled  >  •<  ».»,  t.s  obtained  Irom  the  ‘small  growth  rate' 
expression,  while  the  unlabeled  curve  is  obtained  from  the 
‘generalized'  expressions  |aller  Cn\t,i  unj  Kelley.  I  ‘■I  7  K  Zr  ] 

gradients.  The  normalized  growth  rate  t.s  plotted 
in  f  igure  14  as  a  function  of  the  parameter  h 
A'p,  2.  where*  is  the  wave  number  perpendicular 
lo  H  and  |i  is  the  ton  gworudius.  for  reference. 
/•  at  the  licamaica  baikstaller  wavelength  is  711 
I  he  growth  rale  peaks  at  A  p(  =  1.5,  which  corre¬ 
sponds  lo  wavelengths  of  about  24  m.  The  growth 
rale  is  linearly  proportional  to  the  gradient  scale 
length  /  at  the  bubble  edge  and  is  I  s  1  for  L 
1 25  m  under  typical  ionospheric  conditions.  These 
drill  waves  should  not  only  contribute  to  backscaller 
in  the  development  phase  but  also  play  a  role  in 
the  eventual  merging  of  bubbles  into  the  background 
via  destruction  til  the  steep  gradient  [Burke  et  at. 
19791  Huha  et  ul  |  I978|  have  extended  this  con¬ 
cept  lo  even  smaller  wavelengths 

A  second  and  perhaps  more  important  process 
from  the  standpoint  ol  scintillations  is  the  generation 
of  a  thick  iircgularity  layer  as  suggested  by  Kelley 
mill  On  ||978|  Again,  use  was  made  of  Oil's 
I  Hidings  that  in  the  collisionless  case  the  equations 
ol  motion  are  identical  lo  those  for  a  two-dimen¬ 
sional  fluid.  In  the  fluid  case  the  upward  buoyancy 
force  is  balanced  by  emission  of  vortices  in  the 
background  fluid  This  injects  velocity  turbulence 
into  the  background  fluid  in  a  wake  which  trails 
behind  the  bubble.  In  the  plasma  case  each  vortex 
corn  .ponds  to  a  line  charge  surrounded  by  a  circular 
K  x  B  drift  of  the  plasma  as  shown  in  figure  13. 
Since  there  is  a  background  density  gradient,  this 
vortex  will  create  density  irregularities  with  the 
same  scale  size  as  the  velocity  turbulence. 

Numerous  theoretical  studies  of  turbulence  in 
two-dimensional  fluids  |  Kraichnun,  1967;  l.illy. 
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1969)  have  shown  that  velocity  injected  into  such 
a  fluid  at  some  characteristic  wave  number  A„  will 
cascade  to  wave  numbers  both  higher  and  lower 
than  A„.  In  the  space  domain  this  'inverse  cascade' 
to  lower  k  implies  that  the  velocity  (and  density) 
turbulence  will  spread  into  the  largest  volume  avail¬ 
able  in  the  system.  Evidence  for  this  dual  cascade 
in  two-dimensional  turbulence  has  been  found  in 
the  earth's  atmosphere  [Kao  and  Wendell,  1970) 
and  magnetosphere  [Kelley  and  Kintner,  1978). 

Kelley  and  Oil  [  1978)  suggest  that  the  vortices 
emitted  by  upwelling  bubbles  not  only  form  a  wake 
but  tend  to  fill  the  between-bubble  regions  (i.e.. 
in  an  east-west  direction)  with  velocity  and  density 
irregularities  via  this  cascade  to  lower  k  values. 
Cascade  to  higher  k  also  occurs,  the  ultimate  spectral 
cutoff  occurring  at  some  large  wave  number  where 
ion  viscosity  plays  a  role.  This  dissipation  is  most 
effective  near  the  ion  gyroradius,  and  hence  it  seems 
likely  that  the  3-m  scale  (Jicamarca  backscaller) 
lies  in  the  dissipative  subrange  Such  a  'cutoff  in 
the  amplitude  of  irregularities  at  short  wavelengths 
was  postulated  by  Woodman  and  Basu  |I978|,  as 
was  discussed  earlier. 

In  the  intermediate  range  of  wave  numbers  Z.t  1 
<.  A  <  l.j 1 .  where  L ,  is  the  stirring  length  (bubble 
size)  and  Lt  is  the  dissipation  scale.  Kelley  and 
On  1 1978)  predicted  a  k  '  spectrum  for  velocity 
or  electric  field  fluctuations  and  a  k  1  power  spec¬ 
trum  for  density  irregularities.  This  seems  in  con¬ 
tradiction  to  numerous  reports  of  a  one-dimensional 
k  1  density  spectrum  associated  with  equatorial 
spread  F.  However,  Costa  and  Kelley  [1978a]  have 
shown  that,  at  least  in  the  case  of  bottomside 
nonlinear  structures,  the  A  ’  spectrum  is  due  to 
the  sleep  edges  in  density  encountered.  Several 
examples  of  the  steep  edges  are  clear  in  the  data 
presented  in  the  lop  panel  of  Figure  15,  obtained 
during  the  passage  of  a  sounding  rocket  through 
bottomside  spread  /  The  relative  density  (8 n/n) 
is  plotted  for  an  8-s  interval  (~I6  km  along  the 
trajectory). 

As  an  illustration  of  the  steep  edge  effect.  Costa 
and  Kelley  1 1978a]  performed  a  Fourier  transform 
of  the  data,  shown  in  the  top  panel  of  Figure  15, 
randomized  the  phase  in  each  Fourier  component, 
and  reassembled  the  data  in  the  time  domain.  Two 
such  random  phase  runs  were  made  and  are  plotted 
in  the  lower  two  panels.  The  upper  plot  displays 
considerably  more  ordering  into  large  structures 
with  steep  edges  than  the  lower  two.  One  property 
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Fig  15.  The  upper  plot  is  a  detrended  data  stream  obtained 
on  the  bottomside  of  the  F  peak  during  equatorial  spread  / 
The  lower  two  plots  are  reconstructed  time  domain  samples 
using  the  same  data  but  with  the  addition  of  a  random  phase 
in  the  EFT  (fast  Fourier  transform)  before  construction  (after 
Costa  and  Kelley,  I978<i| 

which  characterizes  the  Fourier  transform  of  steep 
edges  is  a  correlation  between  Fourier  components. 
This  correlation  was  destroyed  in  the  randomization 
process,  which  results  in  the  'turbulencelike'  data 
shown  in  the  lower  two  panels.  Note  that  the  power 
spectrum  of  all  three  sets  of  data  is  identical  and 
varies  as /  1  over  most  of  the  spectrum. 

R.  F.  Woodman  (private  communication.  1976) 
first  suggested  a  phase  coherence  test  as  a  way 
of  distinguishing  between  the  dominance  of  steep 
structure  or  turbulence  in  equatorial  spread  F.  More 
recently,  Chaturvedi  and  Ossakow  (1977]  have 
considered  the  nonlinear  development  of  bottom- 
side  spread  F.  They  conclude  that  steepened  struc¬ 
tures  should  evolve  in  time  and  that,  in  fact,  a 
k  '  spectrum  would  result  owing  to  the  steep  edges. 
They  also  suggested  a  phase  coherence  test  to 
distinguish  between  such  a  process  and  a  turbu¬ 
lencelike  mechanism  proposed  earlier  by  Chaturvedi 
and  Kaw  ( 1976] .  The  results  of  Costa  and  Kelley 
|l978a|  described  above  seem  to  agree  with  the 
sharp  edge  hypothesis. 

4  summary 

The  following  picture  evolves  from  the  discussion 
above.  Bottomside  spread  /'occurs  in  a  widespread 


region  (at  least  ‘  10°  latitude)  centered  near  the 
magnetic  equator  in  the  postsunset  hours.  This 
causes  moderate  VHF  scintillation.  Nonlinear 
evolution  of  this  process  and/or  the  spatial  reso¬ 
nance  of  atmospheric  gravity  waves  results  in  low- 
density  regions  rising  into  ihe  topside,  leaving 
behind  a  trail  of  counter-rotating  vortices  which 
mix  the  background  density  gradient  and  create 
irregularities  in  density.  Since  whole  flux  tubes 
partake  in  this  upwclling.  a  two-dimensional  bubble 
originating  anywhere  in  this  latitude  ranee  will  have 
effects  in  the  topside.  Ihe  bubbles  may  also  be 
'wedges’  extending  upward  from  the  /'peak  | Mi 
dure  et  at  .  1978).  In  this  case  the  plumes  may 
not  be  due  to  a  wake  effect  at  all  but  to  a  continuous 
generation  of  irregularities  at  the  edges.  The  density 
gradients  in  the  bubbles  or  wedges  also  dissipate 
and  create  short-wavelength  irregularities,  possibly 
via  the  ‘universal'  drift  wave  instability  |  Costa  and 
Kelley,  1978a.  />;  Hurke  et  til..  1979)  or  other 
gradient-driven  instabilities  | lluha  et  al..  1978] . 

Radio  waves  incident  upon  the  equatorial  iono¬ 
sphere  under  these  conditions  are  thus  subject  to 
at  least  four  different  types  of  scintillating  environ¬ 
ment  (I)  Just  after  sunset  during  Ihe  development 
phase,  the  bottomside  irregularities  cause  modest 
amplitude  scintillation  effects  due  to  the  low  abso¬ 
lute  fluctuations  in  electron  density.  It  is  not  known 
whether  large  phase  fluctuations  accompany  such 
weak  amplitude  scintillations,  as  the  Wideband 
satellite  does  not  have  equatorial  crossings  at  this 
lime.  (2)  In  the  fully  developed  stage,  bubbles  are 
continually  emitted  into  the  topside  over  a  wide 
range  of  latitudes.  These  bubbles  may  continually 
stir  the  medium  at  wavelengths  comparable  with 
the  bubble  dimensions  (~l()  km).  In  this  event, 
two-dimensional  dual  cascade  spreads  the  velocity 
and  density  irregularities  to  larger  and  smaller  k 
values.  The  cascade  to  smaller  k.  combined  with 
the  vertical  wake  formation,  tends  to  fill  a  large 
volume  with  density  irregularities.  Alternatively,  the 
bubbles  may  be  wedges,  the  steep  edges  of  which 
break  down  via  a  hierarchy  of  instabilities  |  Haeren- 
del.  1974;  Costa  and  Kelley.  I978a|  Incident  radio 
waves  thus  are  subject  to  sharp  discontinuities  in 
electron  density  in  Ihe  bubbles  as  well  as  very  thick 
(in  altitude)  regions  of  power  law  type  density 
irregularities  Very  intense  amplitude  scintillations 
have  been  observed  during  such  times,  as  was 
discussed  in  section  2.  and  it  is  expected  that  large 
phase  fluctuations  will  also  be  present.  (3)  In  the 
decay  phase  (later  local  lime)  the  velocity  turbulence 
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injected  by  the  bubbles,  as  well  as  the  bubble 
gradients  themselves,  decay  via  dissipation  at  large 
A.  In  this  phase  the  dissipation  scale  moves  to 
smaller  A  values  |A'c//er  and  On.  197XJ,  so  the 
smallest-scalc  structures  disappear  first .  Thus  sig¬ 
nificant  kilometer-scale  structures  will  still  exist  in 
the  medium  and  strongly  affect  scintillation  even 
though  backscatter  measurements  become  less  in¬ 
tense.  (4)  finally,  ihc  irregularities  observed  near 
midnight  are  found  to  have  negligible  spectral  power 
at  melei  scale  lengths  but  still  retain  significant 
power  at  longer  scale  lengths,  which  may  cause 
strong  scintillations.  Using  muitisatcllite  scintilla¬ 
tion  observations,  Hasu  el  al.  (l97Xf>|  have  shown 
that  these  irregularities  are  eastward  drifting  struc¬ 
tures  which  seem  to  be  characterized  by  a  spectral 
cutoff  in  the  vicinity  of  tens  of  meters. 

It  has  to  he  pointed  out  that  two-dimensional 
models  of  irregularity  bubbles  do  not  explain  why 
density  depletions  are  observed  to  rise  more  fre¬ 
quently  than  enhancements  fall  | Hudson.  1978], 
(i.  Haercndel  (private  communication,  1977)  has 
noted  that  density  enhancements  may  be  tied  to 
the  t.  region,  whereas  density  depletions  are  free 
to  interchange  and  drift  up.  Also,  recombination 
tends  to  destroy  falling  enhancements  as  they  move 
into  regions  of  higher  neutral  density,  while  upwell- 
ing  molecular  ions  in  bubbles  have  a  higher  recom¬ 
bination  coefficient  than  the  surrounding  O' 
■•t'wir:.  I97X|  finally.  McClureet  al.  |l977j 
have  suggested  that  density  enhancements  may 
spread  out  over  a  broader  east- west  extent  than 
depletions,  thereby  producing  a  smaller  relativc 
enchanccmeni.  More  extensive  experiments  are 
required  during  which  both  velocity  and  density 
irregularities  are  measured  simultaneously  as  a 
function  of  A  to  solve  the  three-dimensional  prob¬ 
lem  flee  trie  field  measurements  of  the  velocity 
fields  aie  easier  lo  perform  on  technical  grounds 
and  are  equivalent,  since  V  f  X  B/ff 

I  tom  the  scintillation  point  of  view  it  would  be 
highly  desirable  to  have  a  geostationary  satellite 
with  the  capabilities  ol  the  present  Wideband  one 
tc*  monitor  the  focus  and  scatter  components  during 
the  i'  veloping  phase  of  irregularities.  Such  mea¬ 
surements  in  conpinction  with  the  Jicamarca  radar 
obsei v alioiis  would  provide  valuable  information 
on  spectral  characteristics  of  equatorial  irregulari¬ 
ties  t  he  finding  of  Costa  and  Kelley  |  I97X</|  and 
(  halurvedi  and  Ossakow  |I977|  regarding  steep¬ 
ened  Hot  tom  side  structures  and  the  associated  A 
spectrum  is  an  important  one.  It  is  thus  quite  crucial 


lo  determine  whether  steepened  structures  also 
dominate  topside  irregularity  behavior  in  the  devel¬ 
oping  phase.  This  may  have  far-reaching  implica¬ 
tions  in  scintillation  modeling. 
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The  Dynamics  of  Equatorial  Irregularity  Patch  Formation,  Motion,  and  Decay 

J  AARONS,  J  P  MtlLLIN  AND  11  H.  WlllTNI  Y 
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Using  scintillation  observations  from  a  senes  of  equatorial  propagation  paths  as  well  as  backscaliei 
and  airglow  data,  the  development,  motion,  and  decay  of  equatorial  irregularity  patches  have  been  stud' 
led  Assembling  the  results  of  earlier  studies  in  the  field  with  our  observations,  we  find  the  following,  the 
patch  has  limited  cast-west  dimensions  with  a  minimum  of  100  km.  Several  patches  may  be  melded  to¬ 
gether  to  reach  an  extent  of  1500  km  Its  magnetic  north-south  dimensions  are  often  greater  than  2188) 
km.  the  most  intense  irregularities  tas  evidenced  by  the  Jicamarca  radar  at  the  dip  equator)  are  from  225 
to  850  km  in  altitude,  although  irregularities  are  found  as  high  as  11881  km  The  patch  initially  has  a  west¬ 
ward  expansion  following  the  solar  terminator,  then,  maintaining  Us  integrity,  moves  eastward  Lvidencc 
over  a  limited  series  of  experiments  suggests  that  premtdnighl  patches  are  formed  within  I  hours  alter 
ionospheric  sunset  in  the  absence  of  special  magnetic  conditions,  from  Ascension  Island  (  -IfY'S  dip  lati¬ 
tude)  the  individual  patches  can  be  clearly  distinguished.  The  decay  of  patches  in  the  midnight  lime  pe¬ 
riod  was  studied,  pointing  to  a  rapid  decrease  in  scintillation  intensity  in  this  time  period 


Introduction 

Through  theoretical  considerations  \Dunpey,  1956;  Haeren- 
det.  1974;  Hudson  and  Kennel.  1975;  Scannapieco  and  Os- 
sakow,  1976]  bolstered  by  backscatter  {Woodman  and  LaHoz. 
1976]  and  in  situ  [Kelley  el  al.,  1976;  McClure  el  al.,  1*477]  ob¬ 
servations.  it  has  been  established  that  nighttime  ionospheric- 
equatorial  irregularity  regions  emerging  after  sunset  develop 
from  bottomside  instabilities,  probably  of  the  Rayletgh-Tay- 
lor  type.  The  depleted  density  bubble  rises  into  the  region 
above  the  peak  of  the  h,  layer.  Steep  gradients  on  the  edges  of 
the  hole  ] Haerendel .  1974;  Costa  and  Kellev.  1 978]  help  to  gen¬ 
erate  smaller-scale  irregularities  with  the  high  topside  density 
causing  intense  scintillation  effects  [Ba.ru  and  Basu.  1976; 
Costa  and  Kelley,  !976|.  Irregularities  in  the  wake  of  up- 
welling  structures  have  also  been  discussed  |  Woodman  and 
LaHoz.  1976;  Kelley  and  Oil,  19781 

The  depletions,  with  their  vertical  motion  from  altitudes  be¬ 
low  the  peak  of  the  F  layer  into  regions  considerably  above 
that  height,  are  being  studied  by  a  variety  of  models  (Bu.ru  and 
Kelley.  1979]  Indications  of  patch  size  and  velocities  have 
been  made  in  early  work  using  equatorial  spread  h  data.  Co- 
Ben  and  Bowles  ( 1961 1  found  patches  elongated  at  least  I  km 
along  the  lines  of  force.  Calvert  and  Cohen  (1961]  measured 
drift  velocity  of  the  patches  slowing  from  ~  200  m/s  pre¬ 
midnight  to  - 100  m/s  postmidnighl  In  these  studies,  mag¬ 
netic  east-west  extent  of  the  patches  (of  thickness  of  the  order 
of  50  km)  could  range  from  150  to  300  km  to  possibly  1000 
km.  Using  scintillation,  airglow.  and  backscatter  techniques, 
the  atm  of  this  paper  is  to  outline  recent  results  on  character¬ 
istics  of  the  patches  during  development,  size  and  velocities  of 
the  formed  patches,  and  the  total  time  that  the  patch  main¬ 
tained  its  integrity 

We  shall  refer  to  the  patch  as  a  unit  irregularity  structure 
The  plume,  described  by  Woodman  and  IazHo:  |I976],  is  one 
form  of  the  patch,  deriving  its  name  from  the  extended  height 
range  of  meter-scale  irregularities  detected  in  dramatic  ex¬ 
amples  provided  by  the  Jicamarca  radar  In  some  plumes,  tr- 
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regularities  are  observed  from  2<XI  to  800  km.  However,  in 
other  patches,  delectable  echoes  from  the  Jicamarca  backscat- 
ler  are  confined  lo  a  thickness  of  50  100  km.  Even  though  the 
maximum  radar  intensity  may  be  identical  in  both  cases,  the 
thin  layer  could  hardly  he  termed  a  plume. 

In  an  observational  model  summarized  in  Figure  I  we  shall 
show  Ihc  following  characteristics; 

1.  A  new  patch  forms  after  sunsel  by  expanding  westward 
in  the  direction  of  the  solar  terminator  with  velocities  prob¬ 
ably  similar  to  that  of  the  terminator.  It  comes  to  an  abrupt 
hall  after  typically  expanding  to  an  east-west  dimension  of 
100  to  several  hundred  kilometers  It  appears  to  have  a  mini¬ 
mum  size  of  - 1(8)  km. 

2.  It  is  composed  of  field-aligned  elongated  rod  or  vertical 
sheet  irregularities  The  vertical  thickness  of  the  patch  is  50  to 
several  hundred  kilometers.  In  the  mean  the  patch  encom¬ 
passes  a  height  region  from  225  to  450  km.  although  irregular¬ 
ities  have  been  shown  lo  extsl  lo  1000  km 

3  Its  north-south  dimensions  are  of  the  order  of  2(88)  km 
or  greater,  far  larger  than  noted  in  earlier  studies 

4  Once  formed,  the  patch  drifts  eastward  with  velocities 
ranging  from  1(8)  to  2(8)  m/s. 

5.  Its  duration  as  measured  by  scintillation  techniques  is 
known  to  be  greater  than  2'A  hours;  individual  patches  have 
been  tracked  by  airglow  techniques  up  to  3  hours  where  they 
have  maintained  their  integrity  |  Weher  et  al  .  |97X| 

6.  Between  patches  the  irregularity  structure  can  be  com¬ 
pletely  undetectable 

Several  of  these  characteristics  have  been  observed  in  other 
studies.  For  example,  the  field-aligned  bubble  model  devel¬ 
oped  by  Ovson  and  Benson  1 1978|  from  topside  sounder  data  is 
in  form  similar  lo  Figure  I  and  has  been  found  to  extend  large 
distances  along  the  field  lines  The  characteristics  noted  above 
pertain  to  irregularity  patches  formed  in  the  pre  local  mid¬ 
night  time  period.  Post  local  midnight  patches  may  have  a 
different  formation  mechanism  and  hence  different  character¬ 
istics  Airglow  measurements  <F  J  Weber  and  J  Buchau.  pri¬ 
vate  communication,  1978)  and  scintillation  observations  as 
will  be  outlined  suggest  that  no  new  patches  arise  after  I  2 
hours  after  sunsel  except  under  special  magnetic  conditions. 
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THREE  DIMENSIONAL 
PATCH  MODEL 

I  ig  I  A  magnetic  equator  lui  through  ihe  general  form  of  the 
equatorial  patch.  shown  lotlowing  the  contours  of  the  earth’s  mag¬ 
netic  held  North-south  dimensions  are  typically  >2000  km.  white  it 
mas  measure  several  hundred  kilometers  east-west  and  vary  in  verti¬ 
cal  thickness  Iroin  so  to  several  hundred  kilometers. 

OllSI  KVAIIONAI  MaIIKIAI 

The  ilala  to  he  titilt/ed  consist  of  ccKtperaltve  measurements 
made  primarily  with  the  assistance  of  the  Institulo  Gcofisico 
del  Peru  These  measurements  arc  given  in  Table  I 

Tin  Tokmaiion  oi  a  New  Patch 

The  sunset  line  moving  westward  at  a  velocity  of '  — 50<>  m/s 
initiates  the  conditions  necessary  but  not  sufficient  for  a  patch 
to  form  During  some  evenings,  irregularities  develop  in  a  sys¬ 
tematic  westward  motion  In  f  igure  2  we  have  illustrated  the 
series  of  scintillation  starting  events  which  took  place  with  a 
westward  motion  on  March  I1)  20,  1077.  In  the  lop  panel  a 
tracing  of  a  portion  of  the  backscaUcr  observations  at  50  MHz. 
is  shown  (P  McClure,  personal  communication  1977).  A  thin 


layer  of  relatively  weak  3-m  irregularities  forms  at  1935  LST. 
hut  the  plume  starts  to  develop  at  1950  LST.  Greater  values  of 
AiV  and  increased  thickness  then  occur.  Scintillation  activity 
noted  at  Ancon  on  the  GOES  I  beacon,  the  path  closest  to  the 
Jtcamarca  magnetic  meridian,  increases  sharply  at  1950  LST. 

The  timing  of  the  start  of  scintillation  activity  at  each  of  the 
ionospheric  paths  is  shown  in  ihe  remaining  panels.  This  tim¬ 
ing  coupled  with  the  adjacent  map  indicates  clearly  a  westerly 
development  of  the  patch.  The  sequence  and  direction  of 
starts  are  shown  by  arrows  and  a  numerical  order  of  com¬ 
mencements. 

Using  the  three  VHP  observations  in  order  to  equalize 
starting  time  definition  (Huancayo-GOES.  Ancon-GOES. 
and  Huancayo  A-3),  a  velocity  of  200  300  m/s  is  determined 
in  the  initial  westward  development.  The  patch  has  very  large 
dimensions  E-W  as  borne  out  by  the  continuous  high  level  of 
activity  al  each  of  Ihe  stations.  This  relatively  continuous  ac¬ 
tivity  through  the  night  does  not  allow  us  to  determine  a  sub¬ 
sequent  eastward  velocity  by  the  gross  motion  ol  the  patch. 

A  second  illustration  of  a  newly  developed  patch  utilizes 
data  from  the  next  night.  March  20  21.  1977  The  Jtcamarca 
backscaUcr  records  are  shown  in  the  top  frame  of  Figure  3. 
Strongly  hackscattered  energy  was  first  observed  al  2010  LST 
In  noting  the  scintillation  activities,  one  can  see  the  expansion 
of  the  irregularity  patch,  its  finite  slop  in  the  westward  direc¬ 
tion.  and  finally  its  motion  eastward  across  Ihe  L-9  paths  from 
Ihe  two  sites  of  Ancon  and  Huancayo 

Using  ihe  criterion  of  start  time  measured  from  signal  scin¬ 
tillation  greater  than  6  dB.  the  scintillation  activity  was  first 
noted  at  1950  LST  on  the  Huancayo  GOES  I  intersection,  de¬ 
veloping  in  lime  on  Ihe  Ancon  GOES  intersection,  the  Jica- 
marca  back  scatter  (along  the  same  magnetic  meridian),  and 
the  Huancayo  A-3  patch.  The  velocities  of  the  developing 


TABLE  I.  Observational  Material 


1  re- 

quency. 

Station 

Lxpcrimcnt 

MHz 

Satellite 

Dates 

Jicamarca 

radar  backscaUcr  (UTD) 

50 

Oct.  1976 
March  1977 
March  1978 

Anti  m 

spaced  receiver  scintillation 

249 

L-9 

Oct.  1976 

249 

March  1977 
March  1978 

scintillation 

137 

A-3 

March  1977 

GOLS  l 

March  1978 

254 

L-H 

Huancayo 

scintillation 

249 

L-9 

Ocl  1976 

257 

i  Marisat 

March  1977 

1541 

March  1978 

137 

Wideband 

.scintillation 

137 

A-3 

March  1977 

GOtS  1 

March  1978 

AHiL  Aircraft 

scintillation 

249 

L-9 

Ocl.  1976 

ionosonde 

March  1977 

airglow 

March  1978 

Al  Al.  Aircraft 

scintillation 

249 

L-9 

Oct.  1976 
March  1977 

Ascension  Island 

scintillation 

257 

Mansat 

March  1978 

137 

SIRIO 

249 

L-9 
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Fig.  2  Backscatter  and  scintillation  data  recorded  on  March  19  20,  1977,  of  several  satellites  observed  from  Ancon 
and  Huancayo.  Peru.  The  accompanying  map  of  the  400-km  suhionospheric  points  (01  UT  positions  shown  by  x)  illus¬ 
trates  the  westward  development  of  the  patch  (over  a  htngiludinal  range  of  -  )  through  the  use  of  arrows  and  the  numeri¬ 

cal  order  of  commencements.  The  ground  positions  of  the  sites  are  given  0  e  .  0)  in  ordei  to  picture  the  angle  of  elevation 
to  the  satellite  ‘Overhead'  satellites  are  close  is’  (he  stations 


patch  were  of  the  order  of  160-200  m/s  westward  as  calcu¬ 
lated  from  the  times  of  rise  at  these  intersections  This  particu¬ 
lar  patch  never  extended  westward  far  enough  to  reach  (he 
longitude  of  the  Ancon  intersection  to  L-H.  However,  later, 
another  patch,  originating  probably  west  of  Ancon,  moved 
across  the  Ancon  L-8  path  and  joined  the  irregularity  activity. 
The  minimum  extent  of  this  enlarged  region  was  of  the  order 
of  300  km. 

Once  the  patch  was  formed,  its  motion  eastward  could  be 
followed  by  noting  the  time  of  passage  across  (he  paths  of  L-9 
from  Ancon  and  from  Huancayo.  Measurements  of  the  satel¬ 
lite  were  at  relatively  low  angles  of  elevation  and  involve  an 
early  peaking  -2020,  arriving  at  both  stations  after  its  appear¬ 
ance  in  the  west. 

During  all  three  campaigns,  spaced  receiver  measurements 
of  LES  9  were  available  from  Ancon  to  determine  drift  veloc¬ 


ity  The  east-west  spacings  of  the  measurements  from  Ancon 
using  the  249- MH/  beacon  of  I.ES  9  were  122,  244.  and  366 
m.  Different  spacings  were  used  on  various  nights.  The  data 
indicated  that  at  the  beginning  ol  each  patch,  old  or  new.  ve¬ 
locities  were  not  unidirectional.  On  the  night  of  March  19-20 
(Figure  4),  spaced  receiver  measurements  show  a  low  correla¬ 
tion  and  fluclualing  velocity  during  the  development  period 
from  1930  to  2100  LST.  This  was  perhaps  due  to  the  fact  that 
only  366- m  spacing  was  available,  but  it  is  also  possible  that 
the  terminator  motion,  vertical  velocities,  and  eastward  drifts 
produced  fluctuating  velocity  values  (eastward  and  westward). 
After  2100  LST,  the  eastward  velocities  stabilize  between  130 
and  ISO  m/s. 

In  almost  all  cases  as  the  patch  moved  to  the  east  over  the 
propagation  path  from  Ancon  to  the  LF:s  9  satellite,  the  pat¬ 
terns  stabilized,  le.  the  velocities  showed  consistently  east- 
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liy  fiackscattcr  and  scintillation  Jala  recorded  on  March  20  21,  (477.  of. several  satellites  observed  front  Ancon 
and  lluantayo.  Peru  t  hrough  the  use  ol  arrows  and  the  numerical  order  of  commencements  on  the  accompanying  map. 
one  can  see  the  westward  development  of  the  irregularity  patch  (over  a  longitude  range  75°  78°W),  the  end  of  the  west¬ 
ward  motion,  and  finally  the  eastward  motion  across  the  l.-v  paths  The  ground  positions  of  the  sites  and  the  400-km  sub- 
lonospheric  positions  are  illustrated  us  in  f  igure  2 


ward  direction  and  exhibited  high  peak  cross-correlation 
functions  On  the  night  of  March  20  21  the  velocity  measure¬ 
ments  arc  rather  stable  and  well  correlated  at  a  value  of  150 
m/s  tor  the  entire  period  of  available  spaced  receiver  mea¬ 
surements.  Using  this  velocity  and  considering  Ihe  scintilla¬ 


tion  duration  at  Ancon  L-d  to  be  2  hours  40  min,  the  patch  ex¬ 
tent  would  be  1440  km.  By  viewing  the  backscatter  record,  the 
patch  appears  to  have  this  extent  because  of  the  large  number 
of  closely  spaced  plumes.  This  almost  continuous  scintillation 
activity  makes  it  difficult  to  separate  the  record  into  individual 
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Fig.  4  Spaced  receiver  data  showing  velocity  and  correlation  on 
March  19-20.  1477.  exhibiting  fluctuating  velocities  with  low  correla¬ 
tion  at  time  of  patch  formation 


patches  As  (he  patch  continues  eastward,  some  higher  veloci¬ 
ties.  around  200  m/s  were  noted,  correlating  well  with  (he  ve¬ 
locity  calculated  from  scintillation  onset  on  the  propagation 
paths. 

As  shown  in  the  detailed  lagging  of  patches  in  Figures  2 
and  3.  one  can  follow  the  path  of  patches  as  they  move  east¬ 
ward.  This  was  done  for  several  sets  of  data  including  the  in¬ 
terrelated  sets  from  Ancon  and  Fluancayo  in  the  three  cam¬ 
paigns  as  well  as  differing  propagation  paths  as  recorder' 
simultaneously  at  Ascension  Island  Each  patch  observed  later 
than  I  hour  after  ionospheric  sunset  was  observed  flrsl  in  the 
west  and  then  in  the  east  Alter  local  midnight,  however,  due 
to  lower  velocities  and  to  the  decrease  of  intensity  of  irregular¬ 
ities,  this  lest  could  not  be  used  with  certainty.  With  data  simi¬ 
lar  to  the  cases  of  March  19  20  and  March  2(3  21.  we  exam¬ 
ined  the  hypothesis  that  all  patches  originated  within  I  I  to 
hours  of  local  ionospheric  sunset  (at  300  km  ~  19  hours  14  min 
LST  in  March  and  19  hours  3  min  LST  in  October),  all  other 
patches  would  then  be  old  patches 

Given  the  limited  number  of  days  and  more  importantly 
the  ‘running  together’  of  individual  patches,  this  hypothesis 
held.  Patches  seen  after  I  to  hours  after  ionospheric  sunset  ap¬ 
peared  first  in  the  west  and  moved  eastward 

The  Decay  of  Patches  in  the  Midnight 
Time  Period 

Some  patches  show  evidence  of  decay  observed  on  the 
propagation  paths  available  during  these  campaigns.  Data 
from  the  backscatter  radar  and  the  aircraft  as  well  as  ground 
recordings  of  Wideband  and  the  synchronous  satellites  illus¬ 
trate  this  for  several  cases. 

Figure  S  illustrates  the  backscatter  records  for  March  16-17, 
1977.  Over  Jtcamarca  the  irregularities  appeared  slightly  be¬ 
fore  2300  LST,  maintained  medium  level  intensity  in  the  alti¬ 
tude  region  300-600  km  until  2330  LST.  then  trailed  off  in  in¬ 
tensity  at  the  higher  altitudes  until  0030  LST.  The  trailing  off 
appears  to  be  a  decrease  in  intensity  of  the  3-m  irregularities. 

From  Wideband  data  at  Ancon  (SRI)  and  at  Fluancayo 
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Fi,  *  scatter  records  of  March  16  17.  1977  The  irregular* 

ties  in.  .ilain  medium-level  intensity  from  2*2.300  to  21)0  LST.  at 
heights  of  300-600  km.  (hen  disappear  at  the  lower  altitudes  and  trail 
off  in  intensity  at  the  higher  altitudes  until  0030  (  Si 


(AFGL- IGF)  a  patch  could  he  noted  nearly  over  Jtcamarca 
with  a  sharp  eastern  front  at  76°  W  at  2318  LST  In  f  igure 
data  from  the  aircraft,  tracing  a  route  from  3°  north  to  3" 
south  of  Jtcamarca  hut  off  3°  to  the  west  indicated  scintilla¬ 
tions  as  high  as  12  dB  across  the  patch  in  the  time  period 
from  2300  to  2325  LST  Airglow  data  are  available  which 
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Fig.  A.  Scintillation  observations  of  the  LES  9  beacon  seen  al  An¬ 
con  and  fluancayo,  Peru,  and  by  the  AFGL  aircraft  tracing  a  route 
over  Jicamarca.  on  the  same  day  as  the  backscatter  records  shown  in 
Figure  5  The  eastward  movement  of  the  patch  is  shown  with  the  in¬ 
tensity  of  scintillation  falling  off  corresponding  lo  the  drop  in  in¬ 
tensity  of  the  backscaller. 
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identify  this  paK'li  I  lie  activity  on  the  path  liom  the  ancralt 
to  the  satellite  decreased  alter  1 1020  until  low  levels  were 
reached  at  OHM  I  .ST  I  he  Ancon  path  to  I  I  S  9  (also  shown 
in  f  igure  6)  has  a  maximum  ol  10-dB  lades  with  a  start  of 
some  activity  at  2350  LS  I  :  this  position  is  to  the  cast  ol  the 
aircraft  viewing.  The  velocity,  as  determined  from  spaced  re¬ 
ceivers  at  Ancon,  however,  remained  about  9()  m/s.  only  the 
irregularity  intensity  decreased  as  the  patch  moved  eastward 
The  Huancavo  L-9  maximum  excursions  (OtMO  0050  l,ST) 
were  ol  the  order  of  3  dB  Within  V :  hours  or  less,  the  scintiF 
la  lion  levels  decreased  from  12  to  3  dB  at  254  MM/  The 
Marisat  records,  far  to  the  east,  showed  no  scintillation  activ¬ 
ity  after  this  time 

A  second  decay  ol  a  palih  will  lx*  illustrated  with  the  data 
from  March  I1*  20.  I *#77  (cailicr  developments  from  this  night 


were  shown  in  I  igmc  2)  A  tracing  of  the  contours  of  back- 
scatter  during  the  time  period  2230  0130  LST  is  shown  in  Fig¬ 
ure  7.  Weak  irregularities  of  3-m  size  are  present  at  200- km  al¬ 
titudes;  the  large-scale  irregularities  are  still  fully  developed  as 
was  shown  by  Ba.su  ei  at.  [I97XJ.  Airglow  observations  in¬ 
dicate  that  this  patch  was  one  previously  developed  and  not  a 
new  patch. 

In  Figure  7.  scintillation  panels  are  shown  vertically  in  east¬ 
ward  sequence.  One  can  note  that  the  patch  arrives  sequen 
dally  later  toward  the  east  The  paths  farthest  to  the  cast  show 
low  levels  of  activity  (Ancon  L-9)  or  no  scintillation  activity 
(Huancayo  1.-9). 

The  ev  idence  for  slowdown  in  velocity  of  this  patch  is  from 
the  aircraft  as  shown  in  Figure  X,  where  the  rate  of  scintilla¬ 
tion  fading  is  shown  When  the  aircraft  Hies  westward  against 
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I  ig  «  HiiikHdiirr  .nid  Miimllalmn  daia  of  several  satellites  observed  from  Huancayo  and  Ancon  recorded  on  March 
iv  20.  IV  77.  atlci  2200  I  SI  illiisiraluig  patch  decay  The  accompanying  map  documents  the  eastward  motion  of  the  patch, 
slowing  down  and  delaying  as  H  travels  The  ground  positions  ol  the  sites  and  ihe  400-km  subionospheric  points  are  illus¬ 
trated  hi  I  lie  same  manner  a**  in  liguie  2.  but  for  OS  tl  I 


40 


Aarons  m  ai  :  Dynamics  <)i  Lqiiaioriai  Paicuis 


145 


Fig.  H  Fading  rales  and  scintillation  observations  made  by  the  Al  t 1 1 .  aircraft  of  the  LI-.S  V  beacon  on  March  IV  211. 
IV77  These  data  illustrate  the  slowing  down  of  the  patch  after  2150  I  S  I 


irregularity  motion  (2120  for  example),  it  would  be  expected 
to  show  a  rapid  rate  of  fading,  since  it  moves  through  many 
irregularities.  When  it  flies  eastward  along  with  the  motion  of 
the  irregularities,  it  usually  shows  a  very  low  rate  of  fading, 
for  example,  at  2200.  Fading  rate  would  be  zero  if  the  aircraft 
motion  matched  the  irregularity  velocity.  In  the  case  of  flying 
eastward  (0030  0050)  and  westward  (2350  0020).  when  the 


patch  was  decaying,  almost  the  same  rates  are  shown,  in¬ 
dicating  that  ihe  velocity  of  the  irregularities  has  slowed 
down. 

The  decrease  in  activity  is  also  shown  in  this  lime  period 
from  15  dB  (the  aircraft  and  Ancon  L-X  levels)  to  less  than  I 
dB  in  somewhat  over  an  hour  later  in  this  midnight  time  pe¬ 
riod.  From  this  and  other  days  on  which  there  were  similar 


ASCENSION  ISLAND  MARCH  IO-II,  1978 


LES-9 


Fig.  9.  Scintillation  data  ohaerved  from  Ascension  Island  of  the  I.F.S  V  and  Marisat  beacons  on  March  10  1 1.  IV7S 
The  geometry  of  the  observation  is  also  shown,  illustrating  that  the  obliquity  of  the  I  t'S  V  path  wipes  out  the  possiblity  of 
viewing  a  single  patch  on  Ihis  day  Marisat  viewing  is  almost  vertical 
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occurrences  il  appears  that  Ihc  patches  maintain  their  activity 
from  posisunsei  to  ahoul  midnight,  then  decay  in  lime  periods 
of  Ihc  order  of  I  hour 

Timi  Duration  oi  Pa  ictus 
To  some  extent,  the  beginning  and  the  end  of  a  scintillation 
patch  are  determined  hv  observational  parameters.  At  micro- 
waves.  since  a  large  A.V  and  thickness  are  needed,  only  intense 
irregularities  produce  lading  elfccts  on  radio  waves;  at  VHF. 
weak  irregularities  produce  small  fluctuations  in  signals  be¬ 
fore  the  intense  region  develops  or  moves  over  the  propaga¬ 
tion  path  Microwave  patch  durations  will  therefore  be  shorter 
than  (hose  noted  from  VHP  observations  A  second  observa¬ 
tional  bias  will  be  geometrical  Oblique  observations  to  the 
east  or  to  Ihc  west  from  equatorial  positions  may  encompass 
more  than  one  patch,  therefore  in  these  a/imulhs.  patch  dura¬ 
tion  will  appear  to  be  longer  and  the  irregularity  structure  be¬ 
tween  patches  more  difficult  to  define 

The  duration  of  scintillation  is  a  function  of  the  three-di¬ 
mensional  obhquitv  of  the  path  An  example  of  the  drawn  out 
extent  ol  scintillation  at  a  low  angle  of  elevation  toward  the 
west  compared  to  a  nearly  overhead  viewing  is  shown  m  Fig¬ 
ure  v  We  have  plotted  reduced  data  from  Ascension  Island  of 


observations  of  l.l  S  9  viewed  at  100  “  a/imuth,  20°  elevation 
compared  lo  those  of  Marisal  at  80°  elevation.  150"  azimuth. 
The  obliquity  of  the  path  to  LBS  9  effectively  wipes  out  the 
opportunity  to  view  a  single  patch,  since  for  the  patches  de¬ 
picted  (data  from  March  10-11,  1978)  the  path  from  LES  9 
encompasses  three  patches. 

With  these  caveats  in  mind,  we  have  chosen  to  compare 
patch  E-W  dimensions  as  noted  on  GOES  observations  at  An¬ 
con  (78.6°W  in  1978,  76.9°W  in  1977)  with  the  SIRIO  obser¬ 
vations  from  the  Ascension  Island  (14  4°  W),  both  at  137 
MH/  and  both  with  longitudinal  intersections  close  to  their 
magnetic  meridians,  thus  minimizing  the  effects  of  obliquity. 
These  observations  are  distributed  by  duration  as  shown  in 
Table  2  regardless  of  pre-  or  post-local  midnight  starting  time 
of  the  patch. 

Two  thirds  of  the  SIRIO  patches  are  of  duration  less  than  I 
hour,  while  only  25%  of  the  Ancon  GOES  patches  lasted  less 
than  I  hour,  using  the  criterion  of  start  and  stop  of  the  6-dB 
level  (Figure  10). 

A  smaller  amount  of  data  from  the  Ancon  GOES  observa¬ 
tions  in  1978  is  available,  taken  during  the  same  time  period 
as  the  Ascension  Island  SIRIO  data.  Eight  of  the  10  patches 
observed  were  of  duration  greater  than  I  hour. 

It  is  clear  that  observations  taken  from  Ascension  Island 
showed  narrower  h-W  dimensions  than  those  from  Peru. 

The  explanation  is  thought  to  lie  primarily  in  the  latitudinal 
distance  of  the  intersection  of  the  propagation  path  from  As¬ 
cension  to  the  satellite.  The  higher-altitude  irregularities  ob¬ 
served  in  the  ionosphere  above  the  dip  equator  are  mapped  to 
low  altitudes  when  the  intersection  point  is  ~I6°S  dip  lati¬ 
tude.  Thus  600-  to  KOO-km  irregularities  observed  above  the 
equator  appear  at  200  250  km  on  the  propagation  path  from 
Ascension.  The  lower-altitude  irregularities  at  the  equator  are 
probably  rapidly  dissipated.  Thus  the  connecting  tissue  (mod- 
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fig  10  Histogram  comparing  percent  occurrence  of  patch  duration  observed  in  Aiccnsion  Island  SIRIO  (1978)  scin¬ 
tillation  data  with  Anion  GOES  ( 1977)  scintillation  data  The  Ascension  Island  Patches  are  of  noticeably  shorter  duration 
than  those  observed  in  the  Ancon  data 


42 


Aarons  it  ai  Dvnamiis  hi  Equatorial  Pah  ms 


147 


ASCENSION  ISLAND 
MARCH  5,  1978 


SIRIO  SCINTILLATION 


Pig-  1 1-  Scintillation  observations  of  the  SIRIO  beacon  at  Ascension  Island  on  March  5.  1 07  K  The  quenching  ol  scintil¬ 
lation  activity  (~230ll)  between  patches  is  easily  seen 


crate  irregularity  levels)  from  one  plume  to  another,  such  as 
seen  in  Figure  3,  for  example,  disappears. 

The  minimum  patch  extent  noted  -  I6°S  dip  latitude  can  he 
ascertained  from  this  data  Using  an  eastward  velocity  of  100 
m/s  (obtained  from  atrglow  measurements  by  the  AFCiL  air¬ 
craft  (E.  Weber,  private  communication.  1978),  a  minimum 
patch  (E-W  extent)  of  the  order  of  100  km  is  calculated  for  the 
data  shown  in  Figure  II  on  March  5.  1978.  The  illustration 
shows  clearly  the  quenching  of  scintillation  activity  between 
patches  at  Ascension  Island  Thus  for  ascertaining  the  scintil¬ 
lation  activity  encountered  for  a  path,  the  latitudinal  distance 
to  the  equator  must  be  factored  into  the  morphological  pic¬ 
ture. 

Patch  Altitude  and  Thickness 

Using  the  backscatter  observations  taken  a(  /icamarca 
(kindly  supplied  to  us  by  J.  P.  McClure  of  the  University  of 
Texas  at  Dallas),  we  developed  a  composite  contour  of  height 
and  thickness  for  each  intense  campaign  period.  For  each 
night  the  altitudes  and  periods  of  time  were  used  when  con¬ 
tours  were  within  6  dB  of  the  maximum  backscatter  return  on 
that  night.  Backscatter  returns  have  been  detected  at  altitudes 


as  large  as  1(8)0  km.  Our  data  reduction  techniques  utilise 
only  the  stronger  returns  of  more  intense  irregularities 

figures  I2u  and  12b  illustrate  the  results  from  8  nights  in 
October  1976  and  9  in  March  1977  In  these  cases  the  altitude 
range  for  intense  irregularities  is  from  225  to  450  km.  pre¬ 
dominantly  in  the  time  period  before  local  midnight,  usually 
1930  2200  LST  The  backscatter  data  for  March  1978  exhib¬ 
ited  the  same  temporal  maximum  as  the  March  1977  data  but 
at  slightly  higher  altitudes  (Figures  I2r)  The  1978  data  were 
taken  during  a  month  when  the  solar  flux  was  high  (~I50) 
while  in  October  1976  and  March  1977  the  solar  flux  values 
were  75  and  77.  respectively. 

Discussion 

In  earlier  papers  discussing  results  of  the  backscatter  mea¬ 
surements  \har!ey  <■/  ai.  1970;  Woodman  and  l  aHo:.  1976]  a 
dilemma  seemed  to  arise  relative  to  the  backscatter  results.  No 
distinction  would  be  made  between  newly  or  previously  devel¬ 
oped  patches.  While  n  was  known  that  palches  were  gener¬ 
ated  after  sunset,  a  lag  could  not  be  placed  on  an  individual 
patch  as  to  its  ‘age  '  Thus  when  hurley  el  al  |I970|  analyzed 
height  changes  relative  lo  the  generation  of  patches,  data  for 
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Fig.  12  Composite  contours  of  height  and  occurrence  with  time  of  Jieamarca  backscatter  observations  The  occurrence 
contours  on  a  given  night  were  taken  to  a  level  6  dB  down  from  the  maximum  backscatter  observed  on  that  night,  t a)  Oc¬ 
tober  1976  and  (6)  March  1977  data  illustrate  the  height  range  for  intense  irregularities  as  225  450  km.  at  vl9J0  2200 
LST  (r|  March  197*  contours  exhibit  this  same  temporal  maximum  but  at  slightly  higher  altitudes. 
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all  patches  were  used  in  the  analysts  Irnm  the  (lata  noted  in 
this  paper  it  is  clear  that  even  at  times  when  the  first  patch  was 
observed  on  any  nighi.  this  could  he  an  'old'  patch. 

From  scintillation  observations  in  this  limited  data  sample 
ii  appears  that  premidnighl  patches  arise  within  I  •  IJ  hours  af¬ 
ter  ionospheric  sunset,  the  optical  data  acquired  during  the 
campaigns  |  Weber  cl  at.  I97X|  indicate  more  clearly  that  new 
patches  did  not  develop  after  about  I  !  hours  past  ionospheric- 
sunset.  Thus  earlier  studies  on  spread  /-  and  backscatter  con¬ 
cerning  the  necessary  conditions  of  ionospheric  height  and 
rate  of  vertical  drift  must  be  recvalulated.  since  the  patch  may 
have  been  formed  earlier  in  a  region  far  to  the  west  of  the 
sounder 

Although  there  has  been  considerable  study  of  the  vertical 
development  of  the  irregularity  patch  lOt.vaAuH’  el  at..  1979], 
there  has  been  only  a  relatively  small  amount  of  work  relative 
to  the  initiating  mechanism  (the  necessary  and  sufficient  con¬ 
ditions  to  develop  a  bubble  m  a  realistic  atmosphere).  One 
proposal  has  been  the  spatial  resonance  effect,  i  e..  the  phase 
velocity  of  atmospheric  gravity  waves  matching  the  plasma 


drill  velocity  of  equatorial  irregularities  | Ranger .  1978;  Ktns- 
lermeyer.  1978;  Hosier  and  Beer,  1972).  However,  even  with 
this  hypothesis  there  has  been  little  detailed  correlation  of  at¬ 
mospheric  parameters  At  one  observing  point,  for  example. 
Huancayo.  Peru,  a  night  having  hours  of  intense  irregularities 
may  be  followed  by  a  night  of  no  activity. 

The  confinement  of  a  patch  to  a  limited  east-west  extent 
should  he  explained  At  the  equator  the  plume  is  a  dramatic 
example  of  the  limited  extent;  at  distances  from  the  equator, 
the  Ascension  Island  observations  have  shown  the  con¬ 
finement  of  individual  patches. 

Once  the  patch  is  formed,  it  slays  together  for  hours.  It 
would  be  well  to  know  why  the  patch  remains  a  unit  structure 
and  why  the  patch  continues  to  produce  irregularities.  Farley 
el  at.  1 1 970)  slate  that  at  300  km,  diffusion  would  destroy  the 
small  3-m  irregularities  in  10  20  s  or  less.  Yet,  the  total  struc¬ 
ture.  containing  3-m  to  larger  irregularities,  lasts  considerably 
longer  than  that.  Certainly  the  larger  irregularities  are  pro¬ 
duced  in  the  patch  over  the  order  of  hours  as  we  have  shown. 
The  3-m  irregularities  probably  endure  somewhat  less  | fla.su  el 
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al. ,  1978].  Kelly  and  Ott  (1978)  have  discussed  density  irregu¬ 
larities  created  by  turbulent  electrostatic  fields  in  the  wake  of 
upwelling  structures.  These  irregularities  would  expand  to 
larger-  and  smaller-scale  sizes  of  which  the  shortest  wave¬ 
lengths  would  dissipate  more  rapidly 

A  detailed  description  is  needed  of  the  possible  processes 
taking  place  along  the  magnetic  tubes  encompassed  by  a 
patch.  It  is  not  clear  what  occurs  when  the  field  lines  from  1(10 
to  600  km  at  the  equator  dip  to  altitudes  of  2(H)  km  al  -8 
I6°S  dip  latitude. 

The  decay  of  patches  has  been  outlined  The  decay  of  the 
turbulent  electrostatic  field  appears  to  be  the  mechanism  ic 
sponsible  for  the  lifetime  of  the  irregularities  | Kelley  and  On. 
1978).  The  data  for  the  midnight  time  period  shown  in  f  igure 
8  indicates  that  at  250  MH/..  decays  of  10  dB  look  place  in  an 
hour.  There  are  nights  when  scintillations  last  into  the  morn¬ 
ing  hours,  with  decreased  intensity  and  with  slow  velocities. 
These  have  not  been  illustrated  in  this  paper  but  have  been 
observed. 

Conclusions 

It  is  now  possible  to  observe  experimentally  the  formation, 
maintenance,  and  decay  of  individual  patches.  The  patch  is 
the  basic  unit  structure  of  the  irregularities  in  the  equatorial 
region.  The  irregularities  exist  along  lines  of  force  with  prob¬ 
ably  the  higher  altitude  irregularities  accounting  for  the  most 
distant  north-south  patches. 

During  the  development  phase,  a  westward  expansion  of 
the  patch  has  been  noted.  When  the  patch  has  formed,  it  has  a 
limited  east-west  extent  Once  formed,  it  moves  eastward.  At 
equatorial  latitudes  a  connecting  tissue  or  continuing  irregu¬ 
larity  activity  frequently  accompanies  both  the  backscatter 
and  the  scintillation  patch.  At  large  distances  from  the  dip 
equator  the  individual  patch  stands  out  more  dramatically. 

The  decay  of  the  patch  is  difficult  to  follow,  since  the  slow¬ 
ing  down  of  the  structures  at  times  accompanies  decay.  Future 
theoretical  studies  should  consider  the  patch  characteristics 
established  in  this  study  and  seek  to  explain  the  origin,  main¬ 
tenance,  and  decay  of  the  unit  patch  structure. 
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Coordinated  Study  of  Equatorial  Scintillation  and  In  Situ  and  Radar 
Observations  of  Nighttime  F  Region  Irregularities 

Santimay  Basu.'  J  P  McCHiri.'  Sunanda  Basu,'  W.  B.  Hanson,1  and  J.  Aarons’ 


A  loordinated  set  nl  Atmospheric  Explorer  L.  (Al  l-)  satellite  in  situ,  VHP  radar  hackscatter.  and  scin¬ 
tillation  measurements  performed  during  1977  over  a  common  ionospheric  volume  is  used  to  study  the 
relationship  between  the  plasma  depletions  or  bubbles,  the  extended  Vm  irregularity  structures  known  as 
plumes  and  bursts  of  scintillation  activity  01  patches  in  the  nighttime  equatorial  F  region.  It  is  shown  that 
in  the  early  evening  hours  saturated  VIII  and  UHL  scintillation  and  3-dB  fluctuations  (propagation  path 
in  the  cast -west  plane  where  the  cflect  ol  anisotropy  is  least)  at  I  54  GHz  are  obtained  in  association  with 
strong  50  Mil/  radar  backscatler.  implying  near  simultaneous  ('min)  excitation  of  large  scale  (—km  to 
100  m)  and  Lm  irregularities.  In  this  early  developed  phase  of  irregularities,  the  AE-E  in  situ  measure¬ 
ments  detect  strong  fluctuations  of  ion  concentration  with  very  sharp  spatial  gradients  The  power  spectra 
of  these  fluctuations  in  the  scale  length  range  of  10  km  100  m  conform  to  a  power  law  variation  with 
one  dimensional  spectral  index  -1.5  The  postmidmght  period,  on  the  other  hand,  is  found  to  be  charac¬ 
terized  bv  an  absence  ot  radar  hackscatter  and  presence  of  only  marginal  (ill/,  scintillation  activity. 
However,  strong  Vltl  scintillations  and  somewhat  weaker  UHL  activity  is  found  to  persist.  The  AE-E 
measurements  indicate  that  during  the  late  phase,  the  spatial  gradients  of  ion  concentration  become  shal¬ 
lower  and  the  spectral  intensity  of  the  irregularities  -  SIX)  m  decreases  by  about  two  orders  of  magnitude 
as  compared  with  that  recorded  during  the  onset  phase  The  irregularity  spectrum  conforms  to  a  quasi- 
gaussran  description  with  correlation  lengths  ot  the  order  of  a  kilometer,  which  corresponds  to  the  Fres¬ 
nel  dimensions  of  VIII  scintillation  observations.  The  implications  of  the  obsetved  spatial  structures  and 
the  level  of  ambient  concentration  on  the  generation  of  3 -m  irregularities  and  scintillation  modeling  are 
discussed. 


I  In  i  Kolil'i  t  ion 

Bubbles  and  plumes'  are  new  terminology  currently  used 
by  geophysicists  to  describe  the  state  of  the  irregular  nighttime 
equatorial  ionosphere  that  have  also  been  identified  with  scin¬ 
tillation  patches  bv  the  propagation  community  | Basu  and 
Keltev.  I979|  Plasma  bubbles  signtlv  (he  spatially  abrupt  and 
irregular  dectc.iscs  liens  ol  kilometers)  ol  ion  concentration  as 
detected  by  satellite  and  rocket  in  situ  measurements  per¬ 
formed  over  the  nighttime  equatorial  ionosphere  | //urn. n  and 
Sana  lam.  1971;  Kelley  el  al.  197b.  MeClure  el  at.  I977|.  The 
presence  ol  large  upward  (-15(1  m/s)  and  smaller  westward 
(tens  of  m/s)  velocity  in  some  of  these  bubbles  has  been  de¬ 
tected.  the  upward  component  being  spatially  structured  and 
the  westw  ird  component  being  more  uniform  Plumes,  on  the 
other  hand,  describe  the  tilted  envelope  of  irregularity  struc¬ 
tures  observed  at  irregularity  wavelengths  of  I  m  or  less  in  the 
nighttime  equatorial  F  region  that  rise  Irom  continuous  irreg¬ 
ularity  patches  at  lower  altitudes  and  extend  as  discrete  struc¬ 
tures  to  the  topside  ionosphere  at  altitudes  as  high  as  1000  km 
|lf7> adman  and  l.aHoz.  1976.  Isunnda  el  al..  1979)  Such 
plumehke  structures  that,  on  occasion,  occur  al  periodic  inter¬ 
vals  were  first  observed  by  Woodman  and  l.aHoz  |I976|  by 
employing  the  digital  power  mapping  technique  to  hackseat- 
tered  signals  obtained  by  (he  50- MHz  radar  al  Jicamarca 

Truro  ionospheric  communication  links  established  near  the 
magnetic  equator  indicate  that  during  nighttime  the  received 
signal  power  over  the  VHF-CiHz  band  exhibits  considerable 
fluctuations,  and  such  scintillation  structures  are  often  tempo¬ 
rally  discrete  Preliminary  investigations  on  radar  hackscatter 
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,ps  and  scintillation  activity  near  the  magnetic  equator 
nowed  that  the  plume  structures  give  rise  to  intense  scintilla¬ 
tion  activity  at  VHP  and  UHF  | Basu  ei  at,  I977J.  The  coexis¬ 
tence  of  kilometer  and  meter-scale  irregularities  IBasu  el  at, 
I97S]  in  the  nighttime  equatorial  F  region  was  indeed  reveal¬ 
ing  from  the  point  of  view  of  plasma  processes,  ft  provided  an 
impetus  lor  performing  coordinated  radar  and  scintillation 
measurements  near  the  magnetic  equator  that,  in  addition  to 
confirming  the  above,  yielded  interesting  results  on  the  local¬ 
ized  generation,  the  drift,  and  the  decay  of  irregularity  struc¬ 
tures  that  give  rise  to  plume  structures  and  scintillation 
patches  | Bam  and  Aarons.  1977;  Aarons  el  at,  1978,  1980). 

It  may  be  noted  that  scintillation  observations  in  the  VHF- 
<iH/.  range  sample  the  ionospheric  irregularities  with  wave¬ 
lengths  ranging  from  about  a  few  kilometers  to  100  m.  the 
bubble  signature  in  the  in  situ  measurements  implies  the  pres¬ 
ence  of  irregularities  in  the  wavelength  range  of  several  tens  of 
kilometers  down  to  few  lens  of  meters,  whereas  the  50- MHz 
radar  samples  the  irregularities  at  a  particular  wavelength  of  3 
m  al  various  ranges. 

In  this  paper  the  phenomena  of  bubbles,  plumes,  and  scin¬ 
tillation  patches  in  the  nighttime  equatorial  F  region  are  criti¬ 
cally  examined  from  a  coordinated  set  of  in  situ,  radar,  and 
scintillation  measurements  performed  over  a  nearly  common 
ionospheric  volume  I  he  purpose  of  the  paper  is  to  study  the 
evolution  and  decay  of  the  plume  structures  and  scintillation 
activity  over  the  VHF-GHz  band  in  relation  to  the  observed 
spatial  structures  of  ton  concentration  within  the  plasma  bub¬ 
bles  The  need  for  such  a  study  has  recently  been  emphasized 
in  the  U  S  National  Report  on  ionospheric  irregularities  pre¬ 
sented  at  the  lUCitj  meeting  at  Australia  in  December,  1979 
|  (  Jv.vuL  oh;  1979) 

2.  Observations 

The  coordinated  set  of  measurements  performed  on  March 
21,  1977  (UT  dale)  is  indicated  in  Figure  I.  At  Jicamarca  (ab- 
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Fig.  I.  Location  ci  50-MHz  backscatler  radar  al  Jicamarca  ( J If),  the  subsatellite  tracks  of  Atmospheric  Explorer  E 
(AE-E)  during  orbit  numbers  7048,  7049,  and  7050  and  subtonospheric  positions  (referred  to  an  altitude  of  400  km)  of 
scintillation  measurements  performed  at  Ancon  (A)  and  Huancayo  (H)  with  various  geostationary  satellites  on  March  21. 
1977.  are  indicated.  The  satellites  Les  8,  Les  9,  ATS  3.  Goes  I  and  Marisat  are  abbreviated  as  L  8.  L  9,  A  3,  G  I.  and  MAR. 
respectively  The  projection  of  the  earth's  magnetic  field  at  the  ionospheric  height  is  shown  by  dotted  lines. 


breviated  as  JIC  in  the  diagram)  with  a  magnetic  dip  location 
of  2°N,  a  50-MHz  radar  backscatler  map  of  echo  power  from 
3-m  irregularities  at  F  region  heights  was  obtained  by  using  a 
modification  of  techniques  developed  by  Woodman  and  La- 
Hoz{  19761. 

From  the  Iwo  ground  stations  at  Ancon  (A)  and  Huancayo 
(H),  multifrequency  scintillation  observations  were  performed 
with  various  geostationary  satellites.  The  satellites  ATS  3  (A 
3)  and  Goes  I  (G  I)  provided  transmissions  at  137  MHz,  Les  8 
(L  8)  and  Les  9  (L  9)  satellites  provided  transmissions  at  249 
MHz,  and  Marisat  (MAR)  provided  transmissions  at  both  257 
MHz  and  1.54  GHz.  The  intersections  of  the  400-km  iono¬ 
spheric  height  with  the  propagation  paths  from  di/Terent 
geostationary  satellites  to  the  two  ground  stations  are  in¬ 
dicated  in  the  diagram  by  the  first  letter  of  the  ground  station 
(A  or  H)  followed  by  the  abbreviated  name  ot  the  satellite  as 
indicated  earlier.  The  subionospheric  positions  of  Les  8  and 
Les  9  satellites  varied  considerably  during  the  period  of  obser¬ 
vations  owing  to  the  finite  orbital  inclination  of  the  satellites. 
As  such,  along  the  locus  of  the  subionospheric  positions  of 


these  satellites  the  universal  times  0200. 0400.  and  0600  arc  in¬ 
dicated.  It  may  thus  be  noted  that  by  scintillation  measure¬ 
ments  the  ionospheric  volumes  lying  within  the  longitude 
swath  of  67°W  to  80°W  were  probed  at  intervals  of  only  a 
few  degrees. 

On  March  21.  1977,  three  successive  transits  of  Atmo¬ 
spheric  Explorer  E  (AE-E)  satellite  occurred  between  0200 
UT  to  0530  UT  over  the  longitude  interval  under  study.  The 
subsatellite  tracks  of  AE-E  for  the  three  successive  orbits  7048. 
7049,  and  7050  are  shown  in  Figure  I  with  the  universal  times 
marked  along  the  track.  It  should  be  noted  (hat  these  orbits  of 
AE-E  were  nearly  circular  with  a  nominal  altitude  of  250  km. 
In  the  present  study  we  shall  utilize  the  data  obtained  by  the 
retarding  potential  analyzer  (RPA)  and  the  ion  drift  meter  in¬ 
struments  on  board  the  AE-E  satellite.  A  complete  description 
of  the  instruments  and  the  data  acquisition  system  can  be  ob¬ 
tained  in  Hanson  el  al..  1 1973]  and  Hanson  and  Heelis  (1975). 
The  RPA  provides  the  total  ion  concentration  every  4.45  ms 
corresponding  to  35-m  spatial  resolution  along  the  orbital 
(rack.  The  ion  dri/1  meter  provides  data  on  plasma  arrival  an- 
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gits  (pitch  and  yaw)  with  respect  In  the  attitude  of  the  space¬ 
craft  The  total  ton  concentration  is  also  available  from  this 
instrument  every  l/lb  ol  a  second  corresponding  to  a  spatial 
resolution  of  about  500  m  Since  charge  neutrality  can  be  as¬ 
sumed  at  A'  region  heights,  ihe  electron  concentration  can  be 
identified  with  the  total  ion  concentration  provided  by  the  in¬ 
struments  This  assumption  ts  important  as  both  radar  back- 
scatter  and  scintillations  are  caused  by  the  electron  density 
fluctuations  in  the  ionosphere 

l  Ktstois 

a  Radar  Measurements 

In  figure  2  we  show  the  results  of  50- MM/  radar  backscat- 
ler  observations  al  Jicamarca  made  on  March  20  21,  1977,  be¬ 
tween  1900  I  T  and  0140  I.T.  The  diagram  illustrates  the  tem¬ 
poral  variation  ol  range  and  intensity  of  3-m  irregularities 
observed  on  this  night  The  range  and  time  scales  are  given  by 
the  ordinate  and  abscissa,  respectively,  while  ihe  intensity  of 
ihe  echo  power  is  provided  by  the  different  shades  in  the 
range  ol  h  4b  dB  above  a  reference  power  level  corresponding 
to  one-quarter  of  the  approximate  maximum  incoherent  scat¬ 
ter  level 

It  may  be  noted  that  the  radar  commenced  to  detect  weak 
Vm  irregularities  from  an  altitude  of  about  300  km  at  1930 
I  I  t  he  layer  thickness  ot  weak  irregularities  increased  pro- 
gresstvelv  to  about  25  km  at  2010  LT,  after  which  a  series  of 
intense  and  spectacular  plume  structures  were  observed  Some 
ol  these  plumes  extended  all  the  way  from  the  bottomside  A' 
region  to  7i)0  km.  the  altitude  limit  of  the  backscatter  maps 
piesenlcd  here. 

Concentrating  on  the  lowest  altitude  ol  backscatter  returns 
shown  in  I  igutc  2  we  observe  a  !  i  ad  u  a  I  rise  of  the  minimum 
altitude  at  the  commencement  (1930  1.1  to  2010  I.T).  a  cusp- 
likc  altitude  modulation  of  the  first  plume’s  underside 
around  2050  LT  and  a  gradual  but  spectacular  fall  between 
2100  I  T  to  2250  LT  from  350  km  to  Ib5  km  While  the  initial 
rise  and  Imal  fall  can  he  related  to  the  typical  behavior  of 
equatorial  A  layer  after  sunset,  the  altitude  modulation  of  the 
tHiitom  ol  the  3-m  echo  region  is  rather  significant.  Such  in¬ 
trusions  associated  with  the  Rayleigh-Taylor  instability  [Bal- 
slet  ei  al .  1972,  Haerrndel.  1974)  have  been  schematically  rep¬ 
resented  by  Woodman  and  LaHoz  (I976|  and  recently 
demonstrated  by  computer  simulations  or  the  collisional 
Rayleigh-Taylor  instability  with  initial  long  wavelength 
plasma  density  perturbations  [/alesuk  et  al..  I97b|.  It  may  he 
of  inierest  to  note  that  such  intrusions  are  most  marked  in 
plumes  that  are  delected  early  in  the  evening 


/>  Scintillation  Measurements 

f  igures  3a  and  3 b  show  the  results  of  multifrequency  scin¬ 
tillation  measurements  performed  at  the  two  ground  stations. 
The  different  panels  in  Figure  3a  are  arranged  from  top  to 
bottom  in  the  order  of  decreasing  west  longitude  of  the  sub- 
ionospheric  position  (intersection  of  the  propagation  path 
with  400-km  ionospheric  height)  over  the  interval  of  about 
79°W  to  75“W  The  precise  subionospheric  location  of  propa¬ 
gation  paths  for  the  different  panels  may  be  obtained  from 
Figure  I.  bach  panel  in  the  diagram  shows  the  temporal  vari¬ 
ation  of  scintillation  index  in  dB  [  Whitney  et  al..  1969]  as 
scaled  from  the  data  over  successive  2.5-min  intervals.  The  dif¬ 
ferent  panels  in  Figure  3 b  are  similarly  arranged  in  the  order 
of  decreasing  west  longitude  of  the  subionospheric  position 
covering  the  longitude  interval  of  75°W  to  67.5°W  and  in¬ 
dicate  the  temporal  variation  of  scintillation  index  (dB)  on  re¬ 
spective  propagation  paths. 

Considering  the  different  dynamic  ranges  of  VHF  receivers, 
we  conclude  from  panels  2,  3  and  4  of  Figure  3a  that  VHF 
scintillations  were  saturated  for  more  than  4  hours  on  all  VHF 
links.  The  UHF  links  (panel  1  in  Figure  3a  and  panels  I,  2. 
and  3  in  Figure  36)  also  attained  saturation  levels  but  over 
shorter  periods  of  time  lasting  for  about  2  hours.  It  should  be 
noted  that  Ihe  dynamic  ranges  of  VHF  receivers  at  Huancayo 
were  limited  to  about  16  dB,  whereas  the  receivers  at  Ancon 
had  wider  dynamic  ranges  extending  to  about  25  dB. 

In  order  lo  compare  the  temporal  behavior  of  3-m  irregu¬ 
larity  structures  obtained  from  the  radar  power  map  (Figure 
2)  and  the  integrated  strength  of  kilometer  scale  irregularities 
provided  by  scintillation  measurements,  we  find  that  the  ob¬ 
servational  result  of  the  communication  link  between  the 
Goes  satellite  and  Ancon  station  (panel  3  of  Figure  3 a)  is  most 
suitable.  The  propagation  path  of  this  link  was  located  only  10 
km  io  the  east  of  the  radar  illumination  at  400-km  altitude 
and  thus  the  radar  and  scintillation  measurements  pertain  to  a 
nearly  common  ionospheric  volume.  In  view  of  the  spatial  lo¬ 
calization  of  nighttime  irregularity  structures  in  the  east-west 
direction  [Aarons  el  al..  1978;  Basu  and  Aarons,  1977),  it  is  im¬ 
portant  that  the  radar  and  scintillation  measurements  probe 
ionospheric  volumes  that  are  separated  by  not  more  than  a 
few  tens  of  kilometers  in  the  east-west  direction.  Comparing 
panel  3  of  Figure  3a  with  Figure  2,  we  note  that  the  onset  of 
137-MHz  scintillations  did  not  occur  before  0050  UT  (1950 
LT  at  75°W  meridian)  although  the  radar  was  detecting  a 
weak  and  thin  layer  of  3-m  irregularities  at  300  km  for  nearly 
20  min  pnor  to  this  time.  It  is  not.  however,  clear  if  the  back- 
scatler  return  during  this  lime  truly  represents  an  irregularity 
layer  or  merely  shows  the  signature  of  partial  reflections  from 
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Fig.  3.  (a)  Temporal  variation  of  scintillations  recorded  on  different  propagation  paths  over  the  subionoapheric  longi¬ 
tude  interval  of  79°W-73°W  straddling  the  radar  site  at  i  team  area  (A)  Same  as  in  Figure  3d  over  the  subionosphenc  lon¬ 
gitude  interval  of  75,’W-*7°W. 


slurp  vertical  gradients  in  electron  concentration  {Balsley  and 
Farley,  I975J.  Shortly  thereafter,  at  2015  LT.  an  explosive  de¬ 
velopment  of  VHF  scintillation  to  saturation  occurs  in  con¬ 
junct  ion  with  moderately  strong  (18-36  dB)  backscatter  returns 
from  3-m  irregularities  extending  over  an  altitude  interval  of 
about  100  km.  After  this  event,  the  radar  map  exhibits  a  series 


of  spectacular  plume  structures  until  about  2250  LT,  while 
VHF  scintillations  remain  saturated.  The  radar  fails  to  detect 
any  conspicuous  irregularities  after  2300  LT  except  for  some 
marginal  backscatter  prior  to  0100  LT. 

Scintillation  measurements  on  Ancon  (Goes)  path  indicate 
that  scintillations  persist  until  0200  LT  (or  0700  UT)  and,  in 
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fact,  saturated  VHF  scintillations  are  observed  between  2250 
LT  and  0100  LT  when  the  radar  failed  to  detect  any  con¬ 
spicuous  backscatter  events.  The  intercomparison  confirms 
the  earlier  findings  of  Basu  el  al.  [  1 978)  that  kilometer  and 
meter  scale  irregularities  coexist  in  the  early  phase  of  equa¬ 
torial  irregularity  generation  during  nighttime,  but  in  the  late 
phase,  even  though  the  meter  scale  irregularities  decay  the  ki¬ 
lometer  scale  irregularities  persist  for  several  hours  longer. 

A  study  of  the  different  panels  of  Figures  3a  and  3b  in¬ 
dicates  that  the  irregularity  structure  that  caused  scintillations 


UK, 


3b 

shown  in  panels  2,  3,  and  4  in  Figure  3a  between  0040  UT 
(1940  LT)  and  0200  UT  and  also  backscattered  the  50-MHz 
signal  at  Jicamarca  covered  a  longitude  interval  of  at  least 
75°W  to  78°W.  The  structure  did  not  extend  much  farther  to 
the  west,  as  the  UHF  propagation  link  from  Ancon  to  Les  8 
(panel  1  in  Figure  3a)  failed  to  detect  any  scintillations  during 
this  period.  On  the  other  hand,  the  irregularity  structure  that 
caused  scintillations  on  Ancon  (L  8)  propagation  path  be¬ 
tween  0140  UT  and  0500  UT  is  expected  to  drift  eastward,  in¬ 
tercept  various  propagation  paths  to  the  east  and  cause  scintil- 
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Fig.  4  East-wcsi  drift  obtained  on  March  21.  1*477.  from  spaced  receiver  (east-west  baseline  16b  mt  scintillation  mea 
suremcnts  at  Ancon  by  using  24*4- N4 1 1  y  transmissions  from  l.es  4  satellite 


tations  until  the  structure  decays  as  determined  by  its  lifetime 
The  temporal  behavior  of  scintillations  at  one  position  is  thus 
determined  by  the  local  generation  of  irregularities  as  well  as 
the  drifting  irregularities  from  the  west  that  intercept  a  given 
propagation  path.  We  had  commented  earlier  on  the  rela¬ 
tively  shorter  lifetime  of  3-ni  scale  irregularities  as  compared 
with  the  kilometer  scales  from  a  comparison  of  radar  and 
scintillation  observations  From  panel  4  of  Figure  3 h  we  note 
that  1.54-GFIz  scintillations  on  (his  night  ceased  after  0400 
UT.  corresponding  to  2330  LT  at  the  longitude  of  the  sub- 
ionospheric  position  (67.5°W)  although  VHF  and  UHF  scin¬ 
tillations  at  various  longitudes  persisted  several  hours  longer 
It  is  not  possible  to  compare  the  features  of  GHz  scintillation 
event  with  the  radar  backscatter  event  owing  to  ihe  wide  lon¬ 
gitude  separation  of  the  ionospheric  volumes  probed  by  the 
two  techniques.  However,  on  a  statistical  basis,  we  note  that 
during  1976-1977,  the  radar  at  Jicamarca  did  not  record  con¬ 
spicuous  3-m  irregularity  structures  in  the  postmidnight  pe¬ 
riod.  and  the  GHz  communication  link  with  Marisat  over  the 
east-west  plane  continued  to  record  scintillations  after  the 
decay  of  meter  irregularities  but  failed  to  record  conspicuous 
(>l  dB)  scintillation  events  during  the  postmidnight  period 
In  order  to  obtain  information  on  the  dynamics  of  iono¬ 
spheric  irregularities  causing  scintillations,  drift  speed  mea¬ 
surements  were  made  by  performing  spaced  receiver  scintilla¬ 
tion  observations.  The  measurement  was  made  at  Ancon  by 
the  use  of  249-MHz  transmissions  from  Les  9  and  recording 
scintillations  on  two  receiving  systems  placed  on  an  east-west 
baseline  of  366  m.  The  apparent  irregularity  drift  in  the  east- 
west  direction  was  determined  from  a  cross-correlation  analy¬ 
sis  of  the  spaced  receiver  data  [Bnxxs  and  Golley.  I96HJ  The 
present  drift  measurements  from  scintillation  observations 
give  the  weighted  average  value  and.  as  such,  provide  infor¬ 
mation  on  the  irregularity  drift  around  the  F  region  maxi- 
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Fig  5  Spatial  variation  of  ion  concentration  recorded  by  the  ion 
drift  meter  on  AF.-F.  orbit  7048  on  March  21,  1977  Satellite  altitude 
(ALT),  magnetic  local  time  (MLT).  dip  latitude  (l)IPLAl ).  and  geo¬ 
graphic  longitude  (LONG)  are  indicated  in  the  diagram 


mum  Figure  4  shows  Ihe  temporal  variation  ol  drill  observed 
on  March  21.  1977  The  maximum  cross-correlation  coefli- 
cienl  for  these  computations  exceeded  0  7  except  for  lour  data 
points  The  local  time  (I  T)  at  the  subionospheiie  location  was 
I  T  =  UT  -  5  h. 

The  irregularities  are  found  to  drill  in  the  east-west  direc¬ 
tion  just  as  the  background  plasma  in  the  equatorial  F  region 
drifts  during  Ihe  nighttime  houts  [ Hnhheth ,  1971,  Woodman, 
1972)  The  drift  speed  is  found  to  increase  from  130  m/s  to 
values  as  high  as  200  m/s  in  the  early  phase,  and  during  this 
period,  considerable  fluctuations  of  drift  speed  are  observed 
It  should  be  noted  that  because  of  the  finite  zenith  angle  of 
these  observations,  the  apparent  eastward  drift  will  be  af¬ 
fected  by  an  existing  venical  drift  of  the  irregularities.  Under 
normal  conditions  ihe  vertical  velocity  is  generally  a  small 
fraction  of  the  horizontal  drift  and  hence  for  the  geometry  un 
der  consideration,  errors  will  probably  not  exceed  20'*-.  How¬ 
ever.  on  occasions,  highly  structured  vertical  velocities  within 
bubbles  have  been  measured  by  in  situ  and  radar  techniques 
|  Balsley  el  al ,  1972;  Woodman  and  LaHoz,  1976,  McClure  el 
al.  1977)  It  appears  that  the  large  fluctuations  in  the  apparent 
horizontal  velocity  recorded  in  the  early  phase  may  be  caused 
by  such  structures  in  vertical  velocity. 

r.  In  Situ  Measurement* 

We  shall  now  discuss  the  in  situ  results  obtained  by  Ihe  AL- 
E  satellite  over  three  successive  orbits:  704X.  7049.  and  7050 
The  geometry  of  these  orbits  relative  to  the  ground  stations  is 
illustrated  in  Figure  I.  and  the  nominal  satellite  altitude  was 
250  km  for  all  these  orbits. 

Orbit  704b.  From  Figure  I  it  may  be  noted  that  the  satel¬ 
lite  (orbital  inclination  19.75°)  was  travelling  from  northwest 
to  southeast  and  the  track  was  somewhat  to  the  north  of  the 
dip  equator,  along  which  various  ionospheric  locations  were 
probed  by  radar  and  scintillation  measurements.  The  ion  con¬ 
centration  data  acquired  by  the  ion  drift  meter  are  shown  in 
Figure  5  at  0.5-s  interval.  The  figure  provides  an  overall  view 
of  the  large  ion  concentration  fluctuations  that  existed  be¬ 
tween  21  23  MLT  over  the  longitude  interval  of  70°W  to 
42°W  Even  though  the  satellite  was  sampling  at  an  altitude 
of  250  km.  the  relative  ion  concentration  fluctuations  recorded 
by  it  correspond  to  those  existing  at  higher  altitudes  over  the 
magnetic  equator.  This  is  because  the  plasma  within  the  entire 
field  lube  takes  part  in  Ihe  instability  process,  and  Ihe  relative 
ion  concentration  fluctuations,  at  least  al  large  scale  lengths, 
can  be  mapped  along  the  field  lines.  At  the  extreme  left-hand 
edge  of  the  orbit,  at  approximately  0216  UT  (2116  LT),  the 
satellite  location  maps  up  the  field  lines  to  an  altitude  of  390 
km  over  Jicamarca.  Owing  to  the  orbital  inclination,  the  satel¬ 
lite  location  further  to  Ihe  cast  near  67. 5° W  longitude  al  02 IX 
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|-ig  6  A  T»  sample  of  high  resolution  RPA  data  of  relative  amplitude  obtained  on  orbit  7048  indicating  the  presence 
ol  steep  spatial  gradients  of  ion  concentration  before  the  satellite  entered  a  deep  hile-oul  region  in  the  early  phase  of  irreg- 
ulants  generation  The  satellite  location  maps  along  the  earth's  magnetic  held  lines  to  a  3-m  plume  structure  over  Jica- 
marca.  The  irregularity  amplitude.  (SKiMA),  the  ion  concentration  (Nl)  at  the  beginning  of  the  data  interval,  the  satellite 
altitude  t  Al.  f  t.  the  sine  of  (he  angle  between  the  magnetic  lield  (B)  and  the  satellite  velocity  f  V)  vectors,  the  dip  latitude 
lIHPI-AT).  geographic  longitude  (I  ONfit,  and  the  universal  time  (LIT)  are  indicated  in  the  figure 


II T  |2I4X  |  I  )  maps  to  an  altitude  of  UK)  km  over  the  sub- 
lonospheric  position  of  scintillation  observations  with  Marisat 
satellite  from  Huancavo,  H(MAK).  If  we  examine  the  radar 
hackscatter  map  shown  in  f  igure  2.  we  find  that  (he  bottom 
edge  of  A  region  irregularities  was  not  above  270  km  at  2116 
L  I  and  220  km  at  2148  l.T  Thus  the  relative  ion  concentra¬ 
tion  fluctuations  detected  by  the  satellite  in  this  orbit  do  in¬ 
deed  correspond  to  fluctuations  at  A  region  heights  above  the 
dip  equator.  The  scintillation  observations  delected  intense  A 
region  irregularities  near  the  dip  equator  over  the  longitude 
swalh  of  77°W  to  b7"W  in  agreement  with  the  large  ion  con¬ 
centration  fluctuations  present  in  the  in  situ  data. 

We  shall  nov.  make  a  detailed  comparison  of  the  radar 
hackscatter  and  in  situ  ton  concentration  data  obtained  in  or¬ 
bit  7048  As  was  mentioned  earlier,  the  satellite  location  at 
02 1  ‘>58  l IT  maps  up  along  magnetic  held  lines  to  an  altitude 
of  .300  km  above  Jtcamarca  where  the  radar  measurements 
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fig  7  Power  spectrum  of  the  linearly  detrended  data  corre¬ 
sponding  to  the  sample  shown  in  figure  h  obtained  by  the  I  f T  (doui 
and  maximum  entropy  (solid  line!  techniques,  respectively 


were  performed  f  igure  2  shows  that  at  that  time,  this  altitude 
corresponds  lo  the  beginning  of  the  second  plume  structure,  in 
situ  data  corresponding  lo  which  has  been  discussed  by  J.  P 
McClure  et  al.  (unpublished  manuscript.  1980).  Here  we 
show  in  Figure  6  the  relative  change  of  ion  concentration  ob¬ 
tained  from  the  RPA  in  the  high  resolution  (35  m)  mode  over 
a  3-s  interval  (24  km)  beginning  al  021617  UT  when  AE-H 
was  east  of  Jtcamarca  The  relative  amplitude  in  the  diagram 
signifies  AA///V.  where  AW  is  the  change  in  ion  concentration 
from  the  ion  concentration  (W)  at  the  beginning  of  a  3-s  inter¬ 
val.  The  numbers  at  Ihe  top  of  the  diagram  denote  the  square 
root  of  the  variance  of  AW/W  expressed  as  a  percentage 
(SIGMA%).  Ihe  average  ton  concentration  (W/).  the  angle  be¬ 
tween  the  satellite  velocity  ( F),  and  magnetic  field  vector  (fl) 
as  well  as  the  parameters  that  signify  the  satellite  altitude  and 
location  In  view  of  the  eastward  molion  of  the  satellite  and 
the  large  angle  between  (he  satellite  and  magnetic  field,  the 
extremely  steep  gradients  of  ion  concenlration  portrayed  in 
Figure  6  correspond  to  the  gradients  approximately  in  the 
magnetic  east-west  direction.  The  presence  of  such  steep  gra¬ 
dients  is  found  lo  be  a  characteristic  of  Ihe  irregularity  struc¬ 
tures  over  the  dip  equator  in  ihe  evening  hours  The  steep 
structures  that  we  observe  lo  the  east  of  Jtcamarca  are  prob¬ 
ably  associated  with  (he  first  plume  if  the  prevailing  irregular¬ 
ity  drill  (Figure  4)  is  taken  to  account.  A  similar  situation  ts 
discussed  by  J  P  McClure  et  al  (unpublished  manuscript. 
1980)  for  orbit  7049  when  the  satellite  was  much  closer  to  the 
radar  site 

1  he  RPA  data  of  total  ion  concentration  shown  tn  Figure  6 
was  linearly  detrended,  and  the  zero  mean  time  scries  of  posi¬ 
tive  and  negative  fluctuations  ol  AW/W  was  obtained.  V  being 
derived  from  the  trend  line  The  power  spectrum  for  this  time 
scries  was  then  obtained  from  both  the  FFT  and  maximum 
entropy  method  (MEM)  of  spectral  analyses.  The  FFT  pro¬ 
gram  was  Ihe  same  as  Ihe  one  used  earlier  by  Dyson  et  at. 

1 1974).  The  spectra  were  normalized  such  that  the  integral  of 
Ihe  fluctuation  power  !S(j)df  over  the  observed  frequency  (/) 
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fig  8  Same  as  in  f  igure  6  recorded  after  (he  saiellite  emerged  from  the  deep  bne-oui  region 


range  equals  (he  variance  of  the  original  lime  series  of  bN/lil. 
The  frequency  (/)  scale  was  converted  to  irregularity  wave¬ 
length  (X)  by  using  the  relation  X  *  v,//,  where  v,  is  the  satel¬ 
lite  velocity  In  view  of  its  geophysical  importance,  we  shall  il¬ 
lustrate  the  power  spectra  in  terms  of  irregularity  wavelength. 
Figure  7  shows  the  power  spectrum  of  of  the  RPA  data 
illustrated  in  Figure  6  The  dots  indicate  the  spectral  estimates 
obtained  by  the  FFT  technique  and  the  solid  line  represents 
the  MF.M  spectrum.  It  should  be  kept  in  mind  that  (he  above 
spectrum  obtained  from  in  situ  data  is  a  one-dimensional 
power  spectrum  of  AA i/N.  If  we  neglect  the  somewhat  flat 
portion  of  the  spectral  intensity  at  large  irregularity  wave¬ 
lengths  (>5  km),  then  the  overall  spectrum  can  be  described 
by  a  power  law  variation  In  terms  of  frequency  (/).  the  nor¬ 
malized  spectral  intensity  (.V)  of  relative  ion  concentration 
i&N/N)  fluctuations  illustrated  in  Figure  7  can  be  expressed 
as  S  —  0  025/  1  ’  Translating  the  frequency  in  terms  of  irregu¬ 
larity  wavelength  (X).  the  spectrum  may  be  represented  a  sSot 
X'  The  corresponding  spectral  intensity  ( P )  of  ion  concentra¬ 
tion  deviation  (AAf)  can  be  obtained  by  multiplying  .V  by  (V)J 
In  general,  the  one-dimensional  spectral  intensity  as  provided 
by  the  in  situ  measurement  has  been  expressed  as  P  <•  <  ”, 
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where  CV"  is  defined  as  the  one-dimensional  strength  of  tur¬ 
bulence  [Rim>.  1979)  and  n  is  the  one-dimensional  spectral  in¬ 
dex.  For  the  data  sample  shown  in  Figure  7.  N  —  1.34  X  10"’ 
m  ’  and  therefore  P  =  4.56  x  |0IK  /  11  in  mks  units,  which 
gives  =•  4.56  x  |(|'*  mks. 

For  a  lurbulence-type  distribution  of  irregularities,  a 
knowledge  of  one-dimensional  irregularity  power  spectrum 
obtained  from  in  situ  measurements  and  information  on  ir¬ 
regularity  layer  thickness  as  may  be  derived  from  radar  back- 
scatter  observation  is  sufficient  for  an  estimation  of  the  level  of 
scintillations  in  the  framework  of  phase  screen  theory.  The 
power  spectrum  shown  in  Figure  7  corresponds,  however,  to 
the  data  sample  (Figure  6)  that  exhibits  sleep  spatial  gradi¬ 
ents  The  implications  of  such  steep  gradients  for  irregularity 
generation  | (  haiurredi  and  O.s.sakow.  1977;  Co.ua  and  Kelley. 

1978]  and  modeling  of  scintillations  \  Wermk  el  ai.  I979|  for 
special  propagation  conditions  will  be  discussed  later  From  a 
study  of  the  variable  inclination  of  the  plume  structures  in  ra¬ 
dar  backscatter  maps  |  Woodman  and  IjiHoz.  I976|  and  struc¬ 
tured  upward  drift  speeds  of  the  irregularities  obtained  from 
in  situ  measurements  [McClure  el  at ,  I977|,  the  sharp  gradi¬ 
ents.  so  evident  in  density  fluctuations  at  one  altitude  may 
not,  in  general,  be  preserved  in  the  integrated  electron  devia¬ 
tion  A.V  While  we  recognize  the  significance  of  steep  spatial 
gradients  of  density  in  delineating  the  generation  mechanism 
of  irregularities  and  its  importance  in  .scintillation  computa¬ 
tions  when  the  propagation  path  is  aligned  with  the  steep  den¬ 
sity  structures  over  the  entire  irregularity  layer  thickness,  we 
consider  that,  in  general,  the  assumption  of  a  turbulent  type  of 
integrated  electron  density  deviation  is  appropriate  for  esti¬ 
mating  scintillation  effects.  For  the  analytical  form  of  power 
spectrum  discussed  in  the  previous  paragraph,  the  one-dimen- 
sional  strength  ol  turbulence  is  -  4  56  x  10'“  mks  and  the 
spectral  index  of  17  may  be  used  to  obtain  the  three-dimen¬ 
sional  strength  of  turbulence  as  C.  -  Fix  10'“  mks  |  Kino, 

1979]  The  above  value  of  pertains  to  the  satellite  altitude 
of  250  km.  and  since  for  a  constant  irregularity  amplitude 
(A.\//V)  the  strength  of  turbulence  scales  as  the  square  of  elec¬ 
tron  concentration,  ns  value  at  400-km  altitude  above  the  dip 
equator  is  expected  to  be  of  the  order  of  10*'  mks  if  we  assume 
that  the  local  electron  concentration  above  the  dip  equator  is 
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0354'  UT 

ion  concentration  ob- 


ID  ' 111  '  If  such  levels  ul  turbulence  strength  (C,  =  l(F")  pre¬ 
vail  over  an  altitude  ecleni  ol  lull  km  as  depicted  by  the  radar 
power  map,  intensity  scintillations  of  2  dB  are  expected  on  L 
hand  frequencies  for  overhead  propagation  paths.  We  note 
that  intensity  scintillations  on  (he  Marisat  propagation  path 
aligned  close  to  the  magnetic  cast-west  direction  did  not  ex¬ 
ceed  3  dB  level  at  I  54  ( I H/  on  this  night 

As  ihe  satellite  moves  further  eastward  past  Jicamarca,  it 
records  a  deep  hile  out  of  ion  concentration  below  Iff*  m  '  at 
021/  I  IT  (f  igure  5)  Unfortunately,  at  such  levels  of  ion  con¬ 
centration  (•-  ID”  m  ')  Ihe  signal  gets  buried  in  noise  picked  up 
by  Ihe  eleciromeicr  [ Hanson  and  lleelix.  I‘/75|  precluding  any 
study  ol  the  irregularity  power  spectrum  within  the  large-scale 
depletion  I  he  satellite  remained  within  it  until  021736  when 
the  Kt'A  tailed  to  record  ion  concentrations  above  10'*  m 
t  he  east  west  dimension  of  the  hile-out  region  is  about  240 
km  corresponding  to  the  time  interval  of  36  s  Only  6  s  later, 
at  021747,  the  satellite  emerges  from  the  bitc-oul  region  and 
sleep  spatial  density  struc lures  are  again  recorded  by  the  RPA 
as  illustralc-d  in  I  n  ..re  K.  The  spectrum  tor  (he  data  sample  is 
shown  in  f  igure  9.  and  ihe  spectral  intensity  of  relative  ion 
concentration  (.V)  again  conforms  to  a  power  law  variation 
wiih  frequency  (u.  and  ihe  normalized  spectrum  can  be  ex¬ 
pressed  .is  .V  -  0027/  1 "  or  ,V“  V  *.  where  A  is  the  uregulanly 


wavelength  Considering  ihe  average  ion  concentration,  the 
sirength  ol  turbulence  for  ihe  above  spectrum  is  obtained  as 

=  2  x  Itf"  mks,  which  is  consistent  with  ihe  observed  GHz 
scintillations 

Orhn  704‘)  I  he  orhn  crossed  the  longitude  interval  ol  in¬ 
terest  between  0360  II  I  and  0364  UT  as  indicated  in  F'lguie  I 
and  passed  only  l.5"S  of  Jicamarca.  The  ion  concentration 
acquired  every  0.5  s  by  the  ion  drift  meter  is  shown  in  Figure 
10.  which  indicates  thai  large  scale  spatial  venations  of  ion 
densily  amounling  to  nearly  two  orders  of  magnitude  existed 
in  this  region.  As  was  discussed  earlier,  the  ground  to  satellite 
links  recorded  salurated  VHF  and  UHF  scintillation  and  I- 
dB  gigahertz  scintillation  between  67“W  and  79JW  longitude 
al  the  time  of  the  AF.-h  transit 

The  high-resolution  RPA  data  over  a  3-s  interval  following 
035 1 14  UT  (225124  LT  al  75°  W)  and  its  corresponding  spec¬ 
trum  are  discussed  in  J  P  McClure  et  al  (unpublished  manu¬ 
script,  1 9X0)  Al  that  time  the  satellite  sampled  the  ion  con¬ 
centration  only  I  5"S  of  Jicamarca  so  that  the  satellite 
location  maps  along  magnetic  field  lines  to  an  altitude  of  252 
km  over  Jicamarca.  It  should  be  noted  that  the  power  spec¬ 
trum  of  the  data  sample  at  035124  UT  shows  a  steeper  slope 
(A! ')  at  short  wavelength  end  (<500  m)  as  compared  with  the 
spectrum  registered  at  similar  position  in  the  earlier  transit 
This  results  in  a  reduction  of  spectral  intensity  al  short  wave¬ 
lengths  by  approximately  an  order  of  magnitude  over  that  ob¬ 
tained  in  Ihe  earlier  orbit  7048  at  021617  identified  with  a 
plume  structure  near  the  Jicamarca  meridian. 

Alter  about  3  min.  the  satellite  sampled  the  ion  concentra¬ 
tion  fluctuations  farther  to  the  east  in  the  vicinity  of  the  sub- 
lonospheric  location  of  Marisat  satellite  at  a  local  time  of 
233428  The  relative  ion  concentration  fluctuations  over  a  3-s 
mlerval  recorded  by  the  RPA  is  indicated  in  Figure  1 1  The 
spatial  density  structures  become  less  sharp  with  a  consequent 
decrease  of  spectral  intensity  at  short  irregularity  wavelengths. 
The  power  spectrum  of  this  data  sample  is  shown  in  Figure 
12,  which  indicates  a  power  law  variation  of  A1  ’  al  irregularity 
wavelengths  shorter  than  about  2  km  accompanied  by  a  spec¬ 
tral  flattening  at  longer  wavelengths.  An  order  of  magnitude 
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t-ig  1 1  Same  as  in  I  tgure  ii  but  for  orhn  7049  recorded  near  Ihe  subionospherit  location  of  Mansat  satellite  observed 
from  Huantavo  when  1-dB  scintillation  al  I  54  GHz  was  recorded.  lirosion  of  sharp  gradients  of  ion  concentration  may  be 
noted 
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reduction  in  spectral  intensity  at  small  irregularity  wave¬ 
lengths  may  be  noted  during  this  period  as  compared  with 
that  obtained  3  min  earlier  and  discussed  in  the  previous  para¬ 
graph.  At  similar  local  time  the  radar  failed  to  detect  any  3-m 
irregularity  over  Jicamarca,  and  the  I.S4-GHz  link  was  rec¬ 
ording  only  I  dB  fluctuations. 

Orbit  7050.  This  orbit  was  located  as  far  south  of  Jicamarca 
as  the  first  orbit  7048  was  to  the  north.  The  orbit  spanned  the 
longitude  interval  of  interest  near  midnight  when  no  scintilla¬ 
tions  were  observed  at  1.54  GHz  and  only  marginal  UHF  but 
quite  strong  VHF  scintillations  were  recorded.  Figure  13 
shows  the  ion  concentration  plot  at  0.5-s  interval  obtained 
from  the  ion  drift  meter.  A  wide  bite-out  region  with  some 
large  scale  fluctuations  of  ion  concentration  is  noted  al¬ 
though  the  fluctuations  are  observed  to  be  much  less  deep 
than  those  registered  in  earlier  transits.  The  radar  map  does 
not  provide  any  evidence  of  fresh  3-m  irregularity  generation 
near  052630  UT  when  AE-F.  crossed  the  meridian  of  Jica¬ 
marca. 

In  Figure  14  we  show  a  data  sample  recorded  by  the  RPA 
during  orbit  7050  in  the  vicinity  of  the  subionospheric  loca¬ 
tion  of  Marisat  satellite.  The  spatial  variations  of  ion  concen¬ 
tration  appear  much  smoother  than  those  noted  in  the  earlier 
transits  indicating  a  preferential  decay  of  small  scale  irregulari¬ 
ties.  The  power  spectrum  for  this  data  sample  (Figure  15)  in¬ 
dicates  a  steep  spectral  index  (—3.5)  that  is  caused  by  the 
decay  of  irregularities  with  wavelengths  smaller  than  I  km.  At 
VHF,  scintillation  effects  of  such  irregularity  power  spectrum 
become  equivalent  to  gaussian  irregularities  with  correlation 
lengths  of  the  order  of  a  km  and  substantial  VHF  scintilla¬ 
tions  (-10  dB)  are  expected  to  persist.  However,  owing  to  the 
drastic  reduction  of  spectral  intensity  between  I  km  to  100  m 
in  the  vicinity  of  the  Frensel  dimension  for  GHz  observations, 
scintillations  at  GHz  frequencies  cannot  develop.  This  is  in 
agreement  with  scintillation  observations  discussed  in  the  pa¬ 
per. 

4  Discussion 

The  correlative  measurements  based  on  radar  backscatter, 
satellite  in  situ,  and  radio  wave  scintillation  techniques  in¬ 
dicate  that  in  the  initial  flash  phase  of  generation,  the  night¬ 
time  F  region  equatorial  irregularities  covering  the  wave¬ 
length  range  of  tens  of  kilometers  to  a  few  meters  or  less  are 
excited  within  a  time  scale  of  the  order  of  minutes.  In  the  late 


phase,  however,  the  decay  commences  at  short  irregularity 
wavelengths  and  proceeds  toward  the  longer  wavelengths  in 
such  a  manner  that  the  3-m  irregularities  decay  hours  before 
the  kilometer  wavelengths 

The  sharp  gradients  of  electron  concentration  detected  by 
the  satellite  in  situ  measurements  during  the  early  phase 
of  irregularity  lilctime  have  important  implications  for  ir¬ 
regularity  generation  mechanisms  and  modeling  of  scintilla¬ 
tions  (  Hulurvcji  and  t/stakim  1 1 7 7 7 1  have  shown  that  the 
evolution  of  the  nonlinear  colhsional  Rayleigh-3  aylor  insta¬ 
bility  in  the  nighttime  equatorial  F  region  gives  rise  to  such 
steepened  structures  providing  a  phase  coherent  irregularity 
power  spectrum.  They  pointed  out  that  a  turbulent  mecha¬ 
nism  of  irregularity  generation  will,  on  the  other  hand,  pro¬ 
vide  a  randomly  phased  power  spectrum  but  with  identical 
spectral  index.  From  an  analysis  of  rocket  data  of  electron 
concentration  through  an  equatorial  bubble,  the  existence  of 
such  phase  coherent  structures  has  been  confirmed  | Cor/a  and 
Kelley,  1978]  From  AE-E  data  we  have  shown  that  the  pres¬ 
ence  of  steep  spatial  gradients  is  a  feature  of  only  the  early 
generation  phase  of  strong  irregularities  that  give  rise  to  a 
power  law  type  of  irregularity  power  spectrum  with  one-di¬ 
mensional  power  spectral  index  of  about  1.5. 

Wernik  el  ai  1 1 979}  have  demonstrated  that  if  the  electron 
concentration  structures  with  steep  gradients  are  stacked  in  al¬ 
titude.  a  vertically  propagating  radio  wave  is  affected  quite 
differently  from  that  expected  for  an  identical  turbulent  type 
medium.  In  this  study  we  have  considered  that  in  view  of  the 
structured  upward  drift  speed  of  the  irregularities,  the  total 
electron  density  deviation  integrated  through  an  irregularity 
layer  along  the  propagation  direction  will,  in  general,  be  ran¬ 
dom.  and  conventional  scintillation  theory  may  still  apply. 
Our  I  54-GHz  scintillation  observations,  performed,  of  course, 
at  a  low  elevation  angle  of  20°,  exhibited  random  type  of  am¬ 
plitude  fluctuations  In  view  of  the  predictions  of  Wernik  et  al. 

1 1979]  model  computations,  it  will  be  of  interest  to  perform 
GHz  scintillation  observations  near  the  dip  equator  at  high 
elevation  angles  preferably  tilled  to  the  west  and  determine  if 
the  signal  structure  on  the  ground  conforms  to  the  predicted 
signature  of  steep  irregularity  structures. 

In  contrast  to  the  above,  the  irregularities  in  the  late  phase 
are  characterized  by  a  progressive  erosion  of  steep  spatial  gra¬ 
dients  in  the  10  km  to  100-m  range  and  a  decay  of  the  spectral 
intensity  of  irregularities  that  commences  at  meter  wavelength 
and  then  proceeds  toward  the  kilometer  wavelength  end.  Con¬ 
firming  evidence  has  recently  been  provided  by  Tsunoda  and 
Towle  1 1 979),  who  report  the  persistence  of  total  electron  con¬ 
tent  bite-outs  without  associated  backscatter  from  l  -m  irregu¬ 
larities.  In  regard  to  VHF  scintillations,  the  AE-E  in  situ  data 
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Fig  13.  Same  as  in  Figure  10  for  the  AE-E  orbit  7050  crossing  the 
longitude  interval  of  interest  around  local  midnight. 
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Fig  14  Saint  as  in  f  igure  6  but  for  orbit  7050  in  the  very  late  phase  when  L  band  and  UHF  scintillations  had  decayed. 
Absence  of  sharp  spatial  gradients  in  this  late  phase  may  be  noted. 


obtained  during  the  very  late  phase  are  equivalent  to  a  gaussian 
irregularity  spectrum  with  correlation  lengths  (~l  km)  of  the 
order  ot  the  Fresnel  dimension  of  VHF  scintillation  measure¬ 
ments.  This  explains  the  persistence  of  VHF  scintillations  in 
the  absence  of  any  activity  in  the  UHF-GHz  range. 

The  phase  scintillation  measurements  with  the  orbiting 
Wideband  satellite  performed  near  the  magnetic  equator  have 
consistently  yielded  a  power  law  type  of  irregularity  spectrum 
with  average  one-dimensional  power  spectral  index  less  than  2 
\Rmtt.  1 074|  and  have  not  given  any  evidence  of  outer  scale 
with  detrend  intervals  as  large  as  100  s  | Rino  et  at  ,  1978).  In 
view  of  the  fact  that  the  Wideband  satellite  transits  over  the 
magnetic  equator  near  midnight,  these  observations  pertain  to 
the  late  phase,  but  the  derived  spectrum  conforms  to  the  in 
situ  spectrum  observed  in  the  early  phase.  It  should,  however, 
be  pointed  out  that  the  in  situ  spectrum  corresponds  to  the 
electron  concentration  fluctuation  at  the  fixed  altitude  of  AE- 
F.  whereas  the  phase  scintillations  arise  from  the  electron  den¬ 
sity  deviation  integrated  over  the  irregularity  layer.  The  rela¬ 
tionship  between  the  spectra  obtained  by  these  two  techniques 
needs  to  be  explored  during  the  different  phases  of  irregularity 
evolution  and  decay  by  the  use  of  continuous  phase  scintilla¬ 
tion  measurements  with  geostationary  satellites. 
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I  ir,  I ‘  Same  as  m  Figure  7  for  the  sample  shown  in  Figure  14 


The  in  situ  measurements,  of  course,  do  not  directly  provide 
information  on  the  small  scale  lengths  (~m)  that  are  explored 
by  the  backscaller  radar  technique.  However,  Woodman  and 
Basu  1 1978|.  from  a  comparison  of  VHF  scintillation  and 
backscatter  observations,  pointed  out  that  the  predicted  back- 
scatter  level  at  3  m  is  expected  to  be  several  orders  of  magni¬ 
tude  higher  if  the  power  law  power  spectrum  with  a  three-di¬ 
mensional  spectral  index  ~4  [ Dyson  et  al.,  1974]  of  longer 
wavelength  irregularities  explored  by  the  in  situ  technique  is 
extrapolated  to  3  m.  Further,  the  recent  radar  observations  at 
Kwajalein  |  Towle.  1980]  indicate  that  the  backscatter  power 
levels  at  I  m  and  36  cm  conform  to  one-dimensional  spectral 
index  of  less  than  unity  in  contrast  to  the  one-dimensional  in¬ 
dex  somewhat  larger  than  1.5  that  we  observed  with  AE-E 
over  the  irregularity  wavelength  range  of  0. 1-1  km  during  the 
most  developed  phase.  Thus  while  these  observations  indicate 
the  possible  existence  of  a  culofT  and  a  break  in  slope  some¬ 
where  in  the  range  or  tens  of  meter  wavelength,  we  have  no 
knowledge  yet  of  the  mechanism  for  the  cutoff  and  its  location 
in  the  wave  number  regime.  It  appears  that  high  resolution 
rocket  measurements  may  be  helpful  for  a  study  of  this  range 
of  irregularity  wavelengths 

From  the  point  of  view  of  3-m  irregularity  generation,  it  is 
significant  that  steep  spatial  gradients  (scale  lengths  slOO  m) 
and  high  spectral  intensity  of  longer  irregularity  wavelengths 
(0.1  If)  km)  provide  a  signature  of  the  presence  of  3-m  irregu¬ 
larities.  Further  from  AE-E.  it  seems  that  3-m  irregularities 
are  not  only  confined  to  deep  bite-out  regions  with  low  (10* 
m  ')  electron  concentration  but  are  present  in  regions  with 
concentration  exceeding  10"’  m  where  ion  viscous  damping 
becomes  important  enough  to  stabilize  the  collisional  drift  in¬ 
stability  \Huba  and  Ossakow,  1979],  Thus  the  evidence  ob¬ 
tained  from  the  in  situ  technique  tends  to  provide  further 
weight  to  Huba  and  Ossakow's  1 1979)  suggestion  that  'it  may 
be  possible  for  a  large  amplitude,  long  wavelength  mode  to 
nonlinearly  generate  the  short  wavelength  turbulence  via  a 
parametric  process.’ 
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The  long-term  VHF  scintillation  data  from  ATS  3  obtained  at  three  stations  situated  in  the  North 
Atlantic  sector  at  auroral  and  subauroral  locations  during  the  period  1968-1974  are  used  to  determine 
the  morphology  of  high-latitude  scintillations  near  the  70°W  longitude  sector  The  variation  of  the 
average  level  of  scintillation  at  each  observatory  is  studied  as  a  function  of  time  of  day.  season, 
and  magnetic  activity  in  a  manner  suitable  for  incorporation  into  statistical  models  of  scintillation 
occurrence  The  most  prominent  feature  of  the  data  is  a  seasonal  dependence  of  scintillations 
with  a  2:1  variation  from  northern  summer  to  winter  under  quiet  magnetic  conditions.  This  also 
causes  a  large  variation  in  the  latitudinal  gradient  of  scintillations  from  2  dB  per  degree  in  summer 
to  I  dB  per  degree  m  winter  for  latitudes  >60°  invariant.  The  observed  seasonal  control  of  scintillations 
is  related  to  the  variation  of  the  till  angle  of  the  earth’s  magnetic  dipole  and  consequent  modulation 
of  the  particle  precipitation  in  the  North  Atlantic  sector  of  the  auroral  oval. 


INTRODUCTION 

With  the  advent  of  the  Early  Bird  synchronous 
satellite  in  l%5.  stable  sources  of  VHF  transmis¬ 
sions  became  available  for  propagation  experi¬ 
ments  Relatively  simple  antenna  and  receiver  sys¬ 
tems  could  be  used  to  study  the  effects  of  the 
ionospheric  medium  on  radio  waves  propagating 
through  it.  One  such  effect  is  the  random  fluctuation 
in  amplitude  of  the  radio  signal  caused  by  spatial 
irregularities  in  electron  density  in  the  ionosphere. 

The  study  of  these  random  fadings,  known  as 
scintillations,  has  been  a  major  effort  at  the  Air 
Force  Geophysics  Laboratory  (AFGL;  previously 
known  as  Air  Force  Cambridge  Research  Labora¬ 
tory).  This  is  because  the  subject  has  become  of 
significant  practical  importance  during  recent  years 
for  application  of  satellite  technology  in  communi¬ 
cations  and  navigation.  In  particular,  with  a  view 
to  providing  systems  planning  requirements  for 
aircraft  flying  the  North  Atlantic  region  with  satellite 
communications  systems  on  board.  AFGL  has 
ope’-  ited  three  stations  at  middle  to  high  latitudes 
in  this  longitude  sector  for  about  a  decade.  These 
stations  are  the  Sagamore  Hill  Radio  Observatory, 
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Massachusetts;  Goose  Bay,  Labrador;  and  Nars- 
sarssuaq,  Greenland;  the  last  operated  jointly  with 
the  Danish  Meteorological  Institute. 

Data  from  these  stations  had  earlier  been  used 
to  determine  a  descriptive  model  of  high-latitude 
F  layer  scintillations  [ Aarons ,  1973] .  The  main 
points  addressed  there  were  the  extent  of  the 
irregularity  region  during  quiet  and  disturbed  times 
as  well  as  variation  of  irregularity  intensity  within 
the  region  as  a  function  of  latitude.  Some  of  the 
same  studies  used  by  Aarons  [1973]  were  also  used 
by  Fremouw  and  Rino  [  1973)  to  develop  an  empiri¬ 
cal  global  model  of  scintillations.  However,  it  was 
found  by  Pope  [1974]  that  the  model  of  Fremouw 
and  Rino  [1973]  was  somewhat  inadequate  in 
representing  the  equatorward  edge  of  the  nighttime 
scintillation  boundary.  The  in  situ  measurements 
of  Sagalyn  el  >1.  (1974)  were  also  found  to  agree 
with  Aarons'  (1973]  study  in  the  boundary  region. 

With  the  steady  accretion  of  more  data  at  AFGL 
from  the  above  mentioned  stations  it  became  ob¬ 
vious  that  in  addition  to  the  diurnal,  latitudinal, 
and  magnetic  disturbance  variation  a  predominant 
seasonal  variation  is  also  observed,  at  least,  at  the 
higher-latitude  stations  of  Goose  Bay  and  Narssars- 
suaq  in  the  North  Atlantic  sector  [Bustt,  I97S]  along 
with  a  lesser  solar  flux  variation.  It  is  the  object 
of  this  paper  to  present  the  observed  seasonal 
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behavior  and  discuss  causes  for  the  same.  Further¬ 
more,  during  quiet  times,  Sagamore  Hill  observes 
the  so-called  plasmaspheric  component  of  scintilla¬ 
tions  which  cannot  be  considered  to  be  merely  an 
extension  of  the  high-latitude  scintillation  region 
[Marlin  and  Aarons.  1977;  Hast/.  1978] . 

Computer-generated  plots  have  been  developed 
which  clearly  show  the  existence  of  an  increased 
scintillation  region  at  mid-latitudes.  These  maps  also 
allow  a  more  meaningful  estimation  of  the  latitudinal 
scintillation  gradients  contained  within  the  high-lati¬ 
tude  irregularity  zone.  This  detailed  exposition  of 
the  morphological  features  allowed  a  natural  exten¬ 
sion  to  an  empirical  formulation  of  a  limited  high- 
latitude  scintillation  model  to  be  presented  in  a 
companion  paper  [ Aarons  el  ai,  1979] . 

THE  DATA  BASE 

Observations  of  amplitude  scintillations  of  the 
ATS  3  satellite  beacon  at  137  MHz  form  the  data 
base.  The  records  were  reduced  by  the  method 
outlined  by  Whitney  el  al.  [1969],  Scintillation 
excursions  in  decibels  for  15-min  periods  were  used; 
these  correspond  approximately  to  the  I -percentile 
levels  in  the  cumulative  amplitude  probability  dis¬ 
tribution  function  for  the  15-min  period.  Whitney 
(1974)  has  given  the  approximate  relationship  be¬ 
tween  peak-to-peak  excursion  in  decibels  and  the 
theory-based  index  St  which  was  introduced  by 
Briggs  and  Parkin  [1963].  For  example,  a  6-dB 
contour  represents  the  St  level  of0.3.  If  one  assumes 
a  power  law  irregularity  spectrum  and  realistic 
model  parameters  [ Basu ,  1978],  it  is  possible  to 
convert  the  S4  index  into  an  equivalent  root-mean- 
square  electron  density  deviation  by  using  the  weak 
scatter  theory  of  Rufenach  [1975]  and  Costa  and 
Kelley  [  1976] .  To  meet  the  weak  amplitude  scatter 
condition,  such  a  conversion  to  equivalent  electron 
density  deviation  is  only  possible  for  scintillation 
contours  s  1 1  dB  (i.e.,  S,  <  0.5).  Since  the  contours 
to  be  presented  are  averages  of  large  amounts  of 
data,  obviously  some  violation  of  the  weak  scatter 
limit  is  involved  even  at  this  level.  Further,  the 


Fig.  I.  The  ionospheric  (350-km  altitude)  intersections  of  the 
ray  paths  from  ATS  3  located  at  7(/’W  io  the  observing  sues 
at  Sagamore  Hill.  Goose  Bay.  and  Narssarssuaip 

problem  of  limiting  discussed  by  Aarons  el  al. 
( 1979]  almost  certainly  lends  to  decrease  average 
values. 

As  mentioned  earlier,  the  three  observatories  are 
situated  near  the  70°W  meridian.  The  propagation 
paths  to  the  satellite  from  these  stations  are  shown 
in  Figure  I,  while  their  geographic  and  invariant 
latitude  coordinates  and  geometrical  parameters  are 
listed  in  Table  I. 

NARSSARSSUAQ  OBSERVATIONS 

From  Table  I  we  find  that  the  intersection  latitude 
as  viewed  from  Narssarssuaq  was  63.2°  invariant 
latitude  at  the  350-km  height.  Thus  the  observations 
pertain  to  the  equatorward  edge  of  the  auroral  oval 
in  the  midnight  sector  [Feldstein  and  Starkov.  1967] 


TABLE  I  Position  of  observing  stations 


Invariant  Ionospheric  Propagation 


Station 

Position 

Latitude 

Elevation 

Azimuth 

Z  A 

Angle 

Narsaanauaq 

54.2“N,  51  0“W 

63  2° 

1*0° 

20X° 

64° 

124“ 

Gooac  Bay 

48.3°N,  6I.7“W 

60  3° 

28.8° 

191° 

56° 

136” 

Sagamore  Hill 

39.3-N,  70.6“W 

53  5° 

40.9“ 

I7K° 

46° 

154“ 
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MEAN  SCINTILLATION  INDEX  (dB) 
NARSSARSSUAQ  1968-1974  Kp*0-3 


Tin  2  Contours  of  monthly  mein  scintillation  index  in  decibels  at  137  MHz  as  a  function  of  local  time 
for  quiet  magnetic  conditions  ( Kp  =  0-3)  obtained  at  Narssarssuaq  with  ATS  3  during  196b- 1974 


for  moderate  magnetic  activity  ( Q  ~  3),  while  it 
is  2°  equatorward  of  the  statistical  oval  during  times 
of  magnetic  quiet  (Q  -  I).  During  disturbed  times, 
when  the  oval  broadens,  the  Narssarssuaq  intersec¬ 
tion  point  is  within  the  oval  in  the  evening-midnight 
sector. 

In  Figures  2  and  3  we  show  contour  plots  of 
average  monthly  scintillation  indices  as  a  function 
of  local  time  obtained  over  a  6-year  period  for  two 
ranges  of  magnetic  activity.  The  local  time  variation 
show:,  a  maximum  just  prior  to  corrected  geo¬ 
magnetic  midnight  (CGM)  under  quiet  magnetic 
conditions  and  at  CGM  under  disturbed  magnetic 
conditions,  as  is  to  be  expected  at  an  auroral  station. 
However,  the  striking  and  somewhat  unexpected 
feature  during  quiet  conditions  shown  in  Figure  2 
is  the  ccurrence  of  the  highest  scintillation  indices 
in  the  March-June  period,  with  low  levels  during 
winter  months.  A  peak-to-peak  excursion  of  II  dB 
is  equivalent  to  S4  =  O.S,  whereas  a  5-dB  level 
represents  S4  =  0.25.  Thus  if  alt  other  scintillation 
model  parameters  remain  unchanged,  a  2: 1  varia¬ 
tion  is  expected  in  the  rms  electron  density  deviation 


MEAN  SCINTILLATION  NOT  *  IASI 
NANSSANSSUAO  ISSN-ISTT  M-A-S 


Fig.  3.  Sime  as  for  Figure  2,  except  for  disturbed  magnetic 
conditions  (Kp  -  4-9). 
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A N  from  summer  to  winter.  The  probable  causes 
for  such  a  seasonal  behavior  of  scintillations,  con¬ 
trary  to  the  observed  spread- F  behavior  in  the 
auroral  zone,  were  first  discussed  by  Basu  1(975) 
and  will  be  dealt  with  further  in  a  later  section 
of  the  paper.  The  highest  quiet  daytime  scintillations 
are  observed  in  winter,  and  since  there  is  a  reduction 
in  the  nighttime  level,  the  winter  data  are  almost 
free  of  any  diurnal  variation. 

Magnetic  storms  intensify  the  quiet  time  pattern, 
as  may  be  observed  from  Figure  3.  There  are  higher 
levels  of  daytime  scintillation.  However,  the  sea¬ 
sonal  pattern  is  much  less  dramatic  because  the 
winter  data  are  actually  able  to  show  the  effects 
of  the  larger  scintillation  magnitude,  whereas  the 
summer  data  suffer  saturation  effects.  It  should 
be  noted  that  the  data  for  Figures  2  and  3  cover 
both  the  high-sunspot-cycle  years  as  well  as  those 
during  the  declining  phase.  Further  discussion  of 
the  effect  of  sunspot  cycle  on  scintillation  data  is 
given  later. 


GOOSE  BAY  OBSERVATIONS 

The  Goose  Bay  subionospheric  position  of  60°N 
invariant  latitude  moves  through  the  electron  den¬ 
sity  trough  in  the  nighttime  sector  for  quiet  geo¬ 
magnetic  conditions  in  all  seasons  [Brace  and  Theis, 
1974:  Ahmed  el  at..  I979|.  In  Figure  4,  where  we 
have  shown  contours  in  decibels  of  monthly  average 
scintillation  indices  over  a  4-year  period  for  Kp 
=  0-3.  we  find  a  drastic  reduction  in  scintillation 
magnitude  in  the  February  to  October  period  as 
compared  to  that  for  Narssarssuaq.  These  findings 
are  consistent  with  in  situ  results  to  be  discussed 
later.  The  absence  of  scintillations  in  winter  is 
probably  due  to  the  broad  nature  of  the  trough 
in  this  season  with  the  consequent  emphasis  of  those 
processes  that  inhibit  scintillations  within  the 
trough. 

The  behavior  during  magnetically  disturbed  times 
is  very  different.  Figure  5  shows  larger  scintillation 
magnitudes  as  well  as  a  shift  of  the  occurrence 
pattern  from  premidnight  under  quiet  magnetic 
conditions  to  postmidnight  under  disturbed  magnet¬ 
ic  conditions.  Some  morning  and  afternoon  scin¬ 
tillations  are  also  observed  during  the  February  to 
October  period.  It  should  be  noted  that  in  contrast 
to  Narssarssuaq  data,  Goose  Bay  data  were  only 


MEAN  SCINTILLATION  INDEX  (40) 
GOOSC  BAY  1971  1974  Kp  •  0  -  3 


Fig.  4.  Contours  of  monthly  mean  scintillation  index  in  deci¬ 
bels  at  137  MHz  as  a  function  of  local  time  for  quiet  magnetic 
conditions  ( Kp  =  0  3)  obtained  at  Goose  Bay  with  ATS  3  during 
1971  1974 


obtained  during  the  waning  period  of  the  sunspot 
cycle. 

SAGAMORE  HILL  OBSERVATIONS 

The  seasonal  pattern  for  Sagamore  Hill  (at  an 
intersection  invariant  latitude  of  5.3. 5°)  differs  from 
those  of  the  higher-latitude  stations.  During  quiet 
geomagnetic  conditions  the  intersection  point  can 
be  considered  to  be  a  mid-latitude  station.  The 
irregularities,  in  the  main,  are  confined  to  the  hours 
of  darkness  for  both  low  and  high  magnetic  activity. 

For  low  Kp  (Figure  6)  for  a  6-year  period  of 
observations  the  maximum  activity  occurs  around 
midnight  and  shows  an  absence  of  scintillation 
during  the  summer  months,  with  2-dB  level  during 
the  equinoctial  and  winter  months. 

For  higher  magnetic  indices  (Kp  =  4-9,  Figure 
7)  the  observable  scintillations  extend  for  a  longer 
nighttime  period.  Scintillation  activity  minimizes 
between  March  and  May.  with  maximum  activity 
still  occurring  near  magnetic  midnight.  While  during 
some  severe  magnetic  storms  the  high-latitude  ir¬ 
regularity  structure  descends  to  the  53°  latitude 
[Basu,  1974;  Aarons,  I976J,  scintillations  hardly 
show  any  increase  in  the  mean  level  during  magnetic 
activity. 


61 


MOKIMIOI  (Mi Y  Ol  I IK.lt  l.A  III  UDL  S(  INTILLA TION 


Mf AN  SCINTILLATION  INDEX  (dB) 
GOOSE  BAY  1971  •  1974  Kp  *  4  -  9 


I  ig  ^  Same  as  lot  I  igurc  4.  except  for  disturbed  magnetic  conditions  {Kp  -  4-9) 


I  i  i  it  i  i  i  i  i  .  J 

IS  V'  C(.N  0^  09  15  LT 

MEAN  SCINTILLATION  INDC  X  (dB) 

SAGA  MORf  Kill  19GB  1974  Kp>0  3 

i  i r  G  Contours  of  monthly  mean  scintillation  index  in  decibels  at  137  Mil/  as  a  function  of  local  time 
for  quiet  magnetic  conditions  {Kp  -  0-3)  obtained  at  Sagamore  Hill  with  ATS  3  during  (968-1974. 
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Fig  7.  Same  as  for  Figure  6.  except  for  disturbed  magnetic  conditions  {Kp  4  <t) 


SEASONAL  PATTERNS  AS  DETERMINED  BY  I  MF 
CONTOUR  PLOTS 

A  relatively  limited  data  set  was  put  together 
from  the  three  observatories  to  determine  latitudinal 
gradients  of  scintillation  index  and  the  variation 
of  these  gradients  as  a  function  of  time  of  day, 
season,  and  magnetic  activity.  To  minimize  effects 
due  to  day-to-day  variation  of  scintillations,  only 
those  days  were  chosen  for  which  uninterrupted 
data  were  available  at  all  three  stations.  Thus  the 
data  were  all  obtained  during  the  lower  sunspot 
period  (1971-1974)  of  cycle  20  A  contour  program 
was  used  to  link  up  the  data  obtained  from  these 
stations  at  the  same  local  time  The  results  are 
shown  in  Figures  8-15  for  four  different  seasons 
and  two  ranges  of  magnetic  activity.  The  number 
of  points  on  each  diagram  represents  the  number 
of  hours  of  data  from  which  each  hourly  average 
has  been  computed. 

The  pattern  of  latitudinal  variation  is  consistent 
for  the  two  sets  of  equinoctial  data.  Scintillations 
maximized  just  before  local  midnight  in  the  Kp 


=  0-3  set  as  is  shown  in  Figures  8  and  12.  For 
the  spring  months,  scintillations  are  somewhat 
higher  than  for  the  fall,  and  therefore  the  3-d B 
contour  line,  for  example,  descends  to  somewhat 
lower  latitudes  during  spring  than  it  does  during 
the  fall.  Also  a  9-dB  contour  appears  in  the  spring. 
The  average  quiet  nighttime  scintillation  gradient 
at  latitudes  >60°  is  1.5  dB  per  degree  in  the  spring 
as  compared  to  I  25  dB  per  degree  in  the  fall. 

The  more  disturbed  magnetic  conditions  bring 
on  higher  values  of  the  scintillation  index  at  both 
of  the  high-Ialitude  stations  without  appreciable 
change  in  the  latitude  gradient .  The  relatively  limited 
data  base  in  both  equinoctial  sets  peaks  somewhat 
after  midnight  but  has  remarkably  similar  nighttime 
values  at  all  latitudes  for  both  seasons  (Figures 
9  and  13). 

As  is  to  be  expected  from  the  behavior  at  individ 
ual  stations,  the  greatest  difference  in  latitudinal 
gradients  of  scintillations  occurs  in  the  two  solstices 
during  quiet  times  (Figures  10  and  14).  While  in 
summer  a  steep  positive  gradient  with  latitude  is 
exhibited  by  the  two  high-latitude  stations  during 
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h,1  X  \  ;>r lathd  of  mean  seasonal  scintillation  imJt*  Junng  the  vernal  equinox  in  decibels  at  I  ?7  MM/, 
with  local  tune  ami  .nvananl  latitude  derived  Horn  127  values  for  each  hourly  data  point  at  the  three 
static  is  under  quiet  magnetic  conditions  [Kp  0 


the  night,  only  a  very  weak  latitude  gradient  is 
ohseived  in  winter,  with  virtually  no  diurnal  varia¬ 
tion  at  all  I  he  winter  nighttime  grad  ent  at  latitudes 
greater  than  60°  invariant  is  I  dB  per  degree  of 
latitude,  while  in  summer  it  is  2  dB  per  degree 
This  is  a  ver  y  large  difference  in  the  latitude  gradient 
and  has  to  be  included  in  any  realistic  model  of 
high-latitude  scintillations  The  other  interesting 
aspect  of  figure  14  is  the  appearance  of  a  2-dB 
cor.toui  at  midnight  near  55°  invaiianl.  with  the 
higher-latitude  2-dB  contour  occurring  al  approxi¬ 
mately  ol  N  This  points  to  a  definite  quiet  time 
mid-latitude  component  of  scintillations,  which  we 
shall  discuss  further  in  the  next  section  Although 
the  data  base  is  sparse,  we  see  that  the  differences 
between  these  two  seasons  during  disturbed  condi¬ 
tions  arc  much  less  severe  (f  igures  II  and  15). 

In  the  data  contours  of  the  preceding  sections 
the  effects  upon  scintillation  of  diurnai.  latitudinal, 
magnetic,  and  seasonal  variations  can  be  easily  seen. 
However,  it  has  been  found  that  an  additional 


parameter,  solar  flux,  though  not  evident  in  these 
contours,  to  a  lesser  extent  also  affects  scintilla¬ 
tions 

In  general,  scintillation  index  increases  with  in¬ 
creasing  solar  flux,  all  other  parameters  remaining 
constant.  A  precise  variation  for  a  particular  day 
of  the  year  may  be  determined  by  using  the  model 
equations  shown  by  Aarons  el  al.  [  1979] .  For  some 
combinations  of  latitudinal,  magnetic,  and  seasonal 
variations  this  effect  of  increasing  scintillation  is 
mitigated  and  even  reversed.  For  example,  the 
summer  data  frequently  suffer  from  saturation  ef¬ 
fects.  so  that  any  increase  with  solar  cycle  appears 
minimal. 

To  place  the  effect  of  solar  flux  variation  in 
perspective,  it  should  be  noted  that  the  percentage 
increase  in  scintillation  of  high  over  low-solar-flux 
years  is  of  the  order  of  half  of  the  increase  in 
scintillation  when  comparing  disturbed  magnetic 
conditions  [Kp  =  4-9)  with  quiet  magnetic  cases 
(Kp  ----  0-3) 


*  *8  **  Same  as  m  F  igure  H.  except  for  -Ml  values  for  each  hourly  data  point  under  disturbed  magnetic 

conditions  [Kp  -  4  9) 
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Fig.  10.  Variation  of  mean  seasonal  scintillation  index  during  (he  northern  solstice  in  decibels  at  1.17  MID 
with  local  time  and  invariant  latitude  derived  from  ISO  values  for  each  hourly  data  point  at  the  three 
stations  under  quiet  magnetic  conditions  (A>  0-3) 


DISCUSSION 

The  most  consistent  long-term  result  that  emerges 
from  this  morphological  study  is  the  existence  of 
a  seasonal  pattern  of  scintillations  in  the  North 
Atlantic  sector  of  the  auroral  oval  This  is  in  addition 
to  the  widely  known  diurnal  and  magnetic  activity 
variation  of  scintillations.  Using  nighttime  data  from 
Narssarssuaq  only,  Basu  ( I975|  had  established 
that  this  seasonal  behavior  of  scintillations  during 
quiet  times,  namely,  a  winter  minimum  and  summer 
maximum,  is  in  close  agreement  with  the  variation 
of  the  auroral  electrojet  index  AL  | Davis  and 
Sugiura,  1966]  in  the  same  sector  of  the  auroral  o- 
val.  It  was  proposed  by  Basu,  following  the  sugges¬ 
tion  of  Boiler  and  Slolov  (1970,  1974],  that  the 
varying  geometry  of  the  plasma  sheet  with  the  dipole 
tilt  angle  may  cause  a  seasonal  modulation  of 
particle  precipitation  and  hence  of  scintillations 
If  this  hypothesis  is  correct.  ,io  such  marked  sea¬ 
sonal  variation  should  be  observed  in  the  Alaskan 
and  Scandinavian  sectors  of  the  oval  Indeed,  radio 


star  and  orbiting  beacon  observations  in  those 
sectors  had  indicated  no  seasonal  variation  j  l.iszka. 
1963;  E.  J  Fremouw.  private  communication. 
1975]  Unfortunately,  these  measurements  may 
have  been  contaminated  by  orbital  considerations 
(in  the  radio  star  case)  and  by  saturation  of  the 
scintillating  signal  because  of  the  low  frequencies 
used  on  earlier  orbiting  beacons  However,  it  is 
quite  interesting  to  note  that  recent  VHF  wide  band 
scintillation  observations  made  at  Alaska  fail  to 
show  any  pronounced  seasonal  variation  (C.  I. 
Rino,  private  communication.  1978). 

The  greater  occurrence  of  winter  daytime  scin¬ 
tillation  at  Narssarssuaq  can  also  be  explained  on 
the  basis  of  the  dipole  tilt  angle  variation.  It  has 
been  shown  by  Boiler  and  Slolov  ( 1 970)  that  the 
maximum  probability  of  occurrence  of  the  Kelvin- 
Helmholtz  instability  is  at  0430  UT  during  the  June 
solstice  and  at  1630  UT  during  the  December 
solstice.  The  June  local  midnight  maximum  of 
scintillations  at  Narssarssuaq  was  attributed  by 
Basu  ]  1975]  to  this  effect.  The  winter  maximization 
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Fig.  tl.  Same  as  in  Figure  10.  except  for  —27  values  for  each  hourly  data  point  under  disturbed  magnetic 

conditions  (Kp  -  4-9) 
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tit  1.‘  Variation  ui  11' ...in  -.easoniil  scintillation  index  during  the  autumnal  equinox  in  decibcK  at  If7 
Mil/  sxnli  lni.il  time  .nut  inv.iuatit  latitude  derived  Irom  in7  values  for  each  hourly  data  point  at  the 
three  -uion*  unoei  nuet  ni.igtictu  conditions  | Kp  0  1) 

id  the  instability  takes  place  at  the  time  of  local  proportional  to  the  total  deviation  AN  [Brings  and 

magneto  noon  lot  Narssarssuaq  However,  at  mid-  Parkin.  1963 1 .  Thus  while  scintillations  and  spread- 

day  (he  Narssarssuaq  intersection  is  well  equator-  /'are,  in  general,  associated,  a  one-to-one  correla- 
wanl  ol  the  day  side  auroral  oval  Hence  the  magni-  tion  should  not  he  expected. 

(title  ol  the  daytime  w inlet  scintillation  maximum  The  winter  minimum  of  scintillations  at  Goose 
is  noi  as  large  its  the  summer  nighttime  maximum  Bay  is  probably  due  to  its  situation  within  the  main 

Iml  ts  largei  than  me  daytime  scintillation  observed  electron  density  trough  and  the  existence  of  a  broad 

at  any  oihei  lime  ol  the  year  trough  in  ihe  winter.  The  generally  much  reduced 

In  this  regard,  il  is  rather  important  to  note  the  level  of  scintillation  activity  during  quiet  times  in 

departuie  of  the  seasonal  scintillation  behavioi  from  all  other  seasons  is  also  probably  due  to  its  special 

ihe  seasonal  spread-/-  behavior  observed  m  the  location.  In  situ  measurements  of  McClure  and 

uuioral  region,  f  or  instance,  under  sunspot  maxi-  llanson  [|973|  with  Ogo  6  show  that  both  AN / N 

muni  conditions,  lao  ||96.S|  and  Olesen  and  Jepsen  and  N  arc  reduced  in  the  trough.  This  led  them 

1 1 966 1  both  repotted  that  maximum  occurrence  ol  to  speculate  that  the  physical  processes  that  create 
spread-/  behavioi  was  observed  in  the  winter,  and  the  trough  may  be  the  same  as  those  that  inhibit 

Pcnndnrf  1 1962)  showed  that  such  behavior  was  irregularities  Clark  and  Rain  [  1 975 ) ,  using  in  situ 

iindornily  obvrved  .U  auroral  stations  in  all  sectors  data  from  f-.sro  4.  also  discuss  the  existence  of 

ol  ihe  iioriheiti  hemisphere  II  has  recently  been  a  distinct  dip  in  irregularity  amplitude  between  a 

shown  !  Hr.i'Ju  ,  i  at  .  P<77|  that  2A/ If  read  limn  narrow  subaurora!  irregularity  region  and  the 

innogrjins  is  equal  to  mis  AN j N  obtained  from  higher-latitude  irregularity  zone.  Thus  it  could  be 

in  situ  measurements.  Scintillations,  however,  are  very  probable  that  a  winter  minimum  of  nighttime 
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if  I  <  S.irm*  jn  in  I  iguic  12  except  l*»r  values  l«u  each  hourly  data  point  under  disturbed  magnetic 

conditions  (  K/>  4  *l>. 
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Fig  14  Variation  of  mean  seasonal  scintillation  index  during  the  southern  solstice  in  decibels  at  1 17  MHz 
with  local  time  and  invariant  latitude  derived  from  111  values  (or  each  hourly  data  point  at  the  three 
stations  under  quiet  magnetic  conditions  ( Kj>  0  1)  Note  that  one  2  dll  contour  is  at  *5°  invariant,  whereas 
the  other  is  poleward  of  NP  invariant 


scintillations  will  he  observed  at  a  position  with 
/.  ~  4  in  any  longitude  sector  However,  it  is  well 
known  that  the  trough  itself  shows  a  maximum  depth 
and  width  in  those  longitude  sectors  with  the  largest 
variation  in  dipole  tilt  angle  ( Taylor .  1971 1.  Thus 
the  absence  of  scintillations  in  winter  during  quiet 
times  at  Goose  Bay  could  be  due  to  a  superposition 
of  both  factors. 

The  Goose  Bay  data  show  greatly  increased 
scintillations  during  disturbed  times.  The  diurnal 
pattern  during  disturbed  times  also  shows  a  consis¬ 
tent  shift  toward  postmidnight  hours  during  all 
seasons.  During  periods  of  sustained  magnetic  ac¬ 
tivity  with  the  equatorward  motion  of  the 
plasmapause.  the  auroral  oval  region  moves  into 
the  vicinity  of  the  Goose  Bay  intersection  point. 
The  auroral  ovals  | Feldslein  and  Slarkov.  I9<>7| 
are  also  greatly  skewed  toward  early  morning  hours, 
i.e.,  they  descend  to  much  lower  invariant  latitudes 
in  postmidnight  hours  as  compared  to  the  premid¬ 
night  situation.  This  asymmetry  is  particularly  no¬ 


ticeable  for  Kp  ■  4.  This  is  in  keeping  with  the 
observed  shift  in  maximum  occurrence  of  scintilla¬ 
tions.  There  may  also  be  such  a  shift  in  the  Nars- 
sarssuaq  data,  but  obviously,  these  observations 
are  contaminated  by  saturation  effects,  and  thus 
the  shift  is  not  quite  as  dramatic. 

In  general,  of  course,  the  effect  of  magnetic- 
activity  on  scintillations  at  both  stations  is  short¬ 
lived  and  highly  variable.  This  fact  can  be  better 
appreciated  by  considering  autocorrelation  coeffi¬ 
cients  of  scintillation  indices  at  Narssarssuaq  and 
at  Goose  Bay  under  quiet  and  disturbed  conditions. 
While  the  autocorrelation  coefficients  for  each 
observation  path  (excluding  the  winter  data)  drop 
to  about  0.3  at  a  lag  of  24  hours  (i.e. .  day  I )  during 
quiet  times,  that  value  decreases  onlv  very  slowly 
as  the  lag  is  extended  to  days  2.  T  and  4  During 
disturbed  times,  howcvei.  the  autocorrelation 
coefficients  drop  sharply  to  0.  I  at  a  lag  of  I  day 
and  remain  at  that  low  level  lor  larger  lags  up  to 
day  4.  This  indicates  that  the  scintillation  pattern 
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Fir  15  Same  as  in  Figure  14.  except  for  —31  values  for  each  hourly  data  point  for  disturbed  magnetic 

conditions  ( Kp  =  4 
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<>n  the  day  following  the  magnetic  storm  is  very 
different  from  that  on  the  day  of  the  storm  at  both 
stations,  while  the  pattern  on  quiet  days  is  of  a 
long-lived  nature 

Mean  scintillation  indices  are  rather  low  at  Saga¬ 
more  Hill  during  both  quiet  conditions  and  distur¬ 
bances  In  fact  the  average  behavior  during  dis¬ 
turbed  times  contrasts  sharply  to  that  observed 
during  some  large  individual  storms,  such  as  those 
studied  by  Ra.su  ( I '174 1 .  Aarons  [  !l)7(>] ,  and  Aarons 
cl  at  |ll)76|  It  should  be  recalled  that  on  only 
X^r  ol  the  days  tire  magnetic  storm  effects  large 
enough  to  bring  the  plasmapause  to  the  vicinity 
of  the  Sagamore  Hill  intersection  point  with  /.  - 
'  K  ( (  arperuer  and  1‘ark  |'I71|  Ra.su  1 1*174]  has 
shown  that  in  such  cases  the  scintillations  show 
a  large  slorin  time  component  which  is  ordered 
m  universal  time.  It  is  not  surprising  therefore  that 
the  average  local  time  behavior  in  the  Kp  =  4-*) 
period  does  not  show  the  effects  observed  individu¬ 
ally  dining  some  great  magnetic  storms 

The  existence  of  a  quiet  time  component  of 
mid-latitude  scintillations  is  rather  clearly  shown 
in  the  multistation  winter  plot.  F.ven  though  the 
magnitude  of  this  scintillation  component  is  about 
?  dR.  Rasa  |I*)7X)  Il  ls  pointed  out  that  this  level 
represents  twice  the  intensity  used  to  define  the 
scintiilanon  boundary  [Aarons  et  al  .  IV6V|  She 
has  shown,  bv  analysis  of  in  situ  data  from  Ogo 
is  and  Sagamore  Hill  scintillation  data  lor  similar 
lime  periods,  that  some  of  these  irregularities  are 
associated  with  magnetically  conjugate  sharp  den¬ 
sity  giadients  and  has  discussed  the  various  plasma 
instabilities  that  may  create  the  small-scale  irregu¬ 
larities  However  the  origin  of  the  sharp  gradients 
them-.elv  es  remains  unclear  f  rom  the  point  of  view 
of  communications  the  present  data  base  shows 
that  mid  latitude  scintillation  will  probably  not  be 
a  problem  in  (he  VHf/tiHF  range,  and  it  is  the 
auroral  region  that  is  ihe  seal  of  the  potential 
problems 

In  conclusion  we  wish  to  stale  ihal  the  morphol¬ 
ogy  of  high  latitude  scintillations  as  observed  in 
the  North  ■'ilantic  sector  with  a  7  I  variation  of 
VIII  inlillalion  magnitude  from  summer  to  winter 
is  quiie  dillcrent  trom  that  expected  on  the  basis 
ol  even  the  iccently  modified  global  model  proposed 
by  fri  mouw et  al  |l‘/77|  We  feel  that  the  empirical 
model  presented  in  the  companion  paper  [Aarons 
cl  al .  i'*7')|  will  be  more  realistic  for  communica 
lions  channel  modeling  purposes,  particularly  in  the 


North  Atlantic  sector.  Much  more  information  is 
necessary  on  the  seasonal  as  well  as  the  polar  cap 
behavior  before  a  truly  global  high-latitude  model 
can  be  developed 
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By  making  measurements  of  (he  scintillations  of  the  137-MHz  beacon  of  ATS  3  at  three  sites 
along  the  70°W  meridian,  it  was  possible  to  amass  a  data  bank  sufficient  to  obtain  empirical  analytical 
formulas  of  average  scintillation  at  subauroral  and  aurora!  latitudes.  The  data  base  consisting  of 
15-mm  scintillation  indices  of  3  7  years  of  observations  from  Sagamore  Hill.  Massachusetts,  Goose 
Bay.  I  abrador.  and  Narssarssuaq.  Greenland,  has  been  piesentcd  and  discussed  in  a  companion 
paper  forcing  functions  for  the  empirical  formulations  are  lime  ol  day.  day  of  the  year,  magnetic 
index  and  solar  flux  The  limitations  of  the  data  arc  outlined  including  single  frequency  of  observations 
and  the  problem  ol  limited  excursion  of  scintillations  C  orrections  are  given  for  geometrical  effects 
using  varying  irregularity  configurations. 


INTRODUCTION 

Over  the  period  of  1971  to  the  present,  a  series 
of  attempts  has  been  made  to  develop  an  irregularity 
mode!  designed  to  predict  the  irregularities  respon¬ 
sible  lor  scintillation  of  transionospherie  radio  sig¬ 
nals.  One  model  has  developed  from  work  by 
hremouH  and  Hales  |1971)  and  Fremouw  and  Hint) 

1 1 *J73 1  Atter  a  critique  of  the  work  by  one  of 
the  Juthois  ol  this  paper  [Aarons.  1973],  Hope 
(1474|  modified  the  high-latitude  terms  to  show 
the  effect  ot  increasing  magnetic  activity.  A  further 
modification  has  been  recently  developed  by  Fre¬ 
mouw  el  a!  1 1477]  in  which  a  magnetic  dependence 
:s  utilized  for  the  high  latitudes.  However,  seasonal 
variations  are  not  considered  m  the  high-latitude 
region.  I  he  aim  of  this  paper  is  to  introduce  into 
the  literature  the  seasonal,  solar  flux,  and  magnetic 
dcpendemi  at  auroral  and  subauroral  latitudes  as 
w.-i;  .s  at  a  mid-latitude  station 

A  leccnt  attempt  to  expand  the  earlier  Fremouw- 
Rino  model  using  spread  F  data  [Singleton,  1974) 
is  considered  unrealistic.  The  morphologies  of 

Ihis  pap*'  ••  nut  xi»l*ie» :  *«•  I*  S  cnpvnghl  Published  «n  NXO  hy  Hie  Amencnn 
•  »et»phvsK»l  I  tiMNt 


spread  F  and  of  scintillation  are  considerably  dif¬ 
ferent,  as  has  been  pointed  out  in  a  companion 
paper  ( Hasu  and  Aarons  [1980] .  hereafter  referred 
to  as  paper  I).  At  middle  and  equatorial  latitudes, 
for  example,  it  has  been  found  [Huang,  1970;  R. 
G.  Rastogi,  private  communication,  1978]  that  range 
spread  type  of  spread  F  is  correlated  with  scintilla¬ 
tion  activity,  while  frequency  spread  is  not.  Yet 
the  vast  portion  of  spread  7' data  used  in  morphology 
studies  does  not  differentiate  between  the  two  types. 

At  high  latitudes,  tonosonde  data  frequently  dis¬ 
appear  during  magnetic  storms  when  auroral  ab¬ 
sorption  is  high  and  during  polar  cap  events  when 
D  layer  absorption  takes  place.  Merely  assuming 
that  spread  F  takes  place  during  these  blackouts 
is  inadequate,  since  it  has  been  shown  that  the 
intensity  of  the  irregularities  increases  considerably 
j  Aarons,  1976] . 

In  any  event  any  model  must  be  tested  with  a 
body  of  observations  such  as  we  present;  the  aim 
of  the  paper  is  to  develop  analytical  formulas  from 
a  large  data  base.  The  levels  obtained  from  this 
empirical  base  can  then  be  used  to  realistically  test 
more  ambitious  models.  The  data  base  used  is  a 
series  of  measurements  of  the  scintillations  of  one 


its 


70 


116 


AARONS,  MACKENZIE.  AND  BHAVNANI 


synchronous  satellite  beacon.  ATS  3,  transmitting 
at  137  MHz.  The  analytical  terms  provide  mean 
scintillation  excursions  as  a  function  of  time  of 
day.  month,  solar  flux,  and  magnetic  index.  With 
forecasting  of  solar  flux  and  magnetic  index,  a  user 
in  the  latitude  range  covered  would  have  an  indica¬ 
tion  of  mean  scintillation  to  be  expected. 

It  should  be  noted  that  these  formulations  are 
models  only  in  a  very  limited  sense.  The  data  were 
taken  near  the  70°  west  longitude  region;  therefore 
the  validity  of  the  formula  is  in  all  likelihood 
restricted,  since  the  offset  of  the  earth's  dipole 
axis  vis-a-vis  the  earth’s  axis  of  rotation  would  be 
expected  to  produce  effects  at  the  same  invariant 
latitudes  that  differ  from  those  at  70°W.  in  paper 
1  the  data  base  from  which  this  limited  modeling 
has  been  developed  is  presented  and  discussed. 

There  are  other  problems  associated  with  the 
formulas,  such  as  inadequately  documented  geo¬ 
metrical  effects,  the  relatively  limited  range  of 
excursions  capable  of  being  recorded  by  the  equip¬ 
ment  used,  and  the  question  of  polar  and  auroral 
effects  during  intense  magnetic  storms.  These  prob¬ 
lems  result  in  limited  accuracy  of  the  developed 
analytical  equations.  However,  the  long-term  mea¬ 
surements,  the  availability  of  complete  diurnal  cov¬ 
erage,  and  the  consistency  of  the  data  reduction 
methods  will  add  to  the  relatively  sparse  data  base 
of  scintillation  levels  available  at  this  time. 

CHARACTERIZATION  OF  FLUCTUATION  INDEX 

Scintillations  in  amplitude  can  be  characterized 
by  a  depth  of  fading  index.  The  most  valid  scintilla¬ 
tion  index,  S, ,  which  is  proportional  to  rms  electron 
density  deviation,  is  defined  as  the  square  root  of 
the  variance  of  received  power  divided  by  the  mean 
value  of  the  received  power  ( Briggs  and  Parkin, 
1963].  An  alternative,  less  rigorous  quantitative 
measure  of  scintillation  index  was  adopted  by  the 
Joint  Satellite  Studies  Group  (JSSG)  to  ensure  a 
standard  method  of  data  scaling  in  long-term  sta¬ 
tistical  analysis.  This  index,  known  as  dB,ss<i ,  is 
used  in  the  current  study. 

The  definition  is 


where  P^,  is  the  power  amplitude  of  the  third 
peak  down  from  the  maximum  excursion  of  the 
scintillations  and  Pm,„  is  the  power  amplitude  of 


1  ABLI*.  I.  Lqui valence  <>l  various  .scintillation  indices 
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32 

0  3 

6 

59 

0-45 

to 

81 

the  third  peak  up  from  the  minimum  excursion, 
measured  in  dB  [Whitney  et  at.,  1969] . 

The  equivalence  of  selected  values  of  these  in¬ 
dices  as  obtained  by  observational  comparisons  is 
indicated  in  Table  I. 

DATA  BASE 

The  data  were  available  from  three  stations.  These 
stations  with  their  transionospheric  positions  in  the 
subauroral  through  auroral  latitudes  allowed  a  mod¬ 
est  coverage  of  high-latitude  scintillations. 

The  IS-min  samples  of  scintillation  index  (dB) 
data  for  the  ATS  3  satellite  for  the  stations  have 
been  augmented  into  a  complete  data  base  on  tape. 
The  dates  of  the  data  used  for  each  station  are 
September  17,  1968,  to  September  I,  1974.  for 
Narssarssuaq;  January  I,  1972.  to  December  31, 
1974,  for  Goose  Bay;  and  December  1,  1969,  to 


Fig.  1.  The  ionospheric  (350-km  altitude)  intersections  of  (he 
ray  paths  from  ATS  3  located  Mi  7(fW  to  the  observing  sites 
at  Sagamore  Hill,  Goose  Bay.  and  Narssarssuaq. 
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IAHLI;  2  Observational  coordinates 


Geographic 

Coordinates 

Invariant 

Elevation 

Ionospheric 

Zenith 

Propagation 

Station 

Latitude 

Longitude 

L-alilude 

Angle 

Azimuth 

Angle 

Angle 

Narssarssuaq 

54.2° 

51  (f 

63  2° 

18  tr 

208° 

64° 

124” 

Goose  Bay 

48.3° 

61  7° 

60.3° 

28.8“ 

191° 

56° 

136“ 

Sagamore  Hill 

39.3° 

70.6° 

53.5° 

40.9“ 

178° 

46° 

154“ 

November  30,  1974,  for  Sagamore  Hill.  Goose  Bay 
data  for  1474  cover  mainly  November  and  De¬ 
cember. 

The  three  stations  are  situated  near  the  70°W 
meridian,  and  their  propagation  paths  to  the  ATS 
3  satellite  are  shown  in  Figure  I  Their  geographical 
and  invariant  latitude  coordinates  and  geometrical 
parameters  are  given  in  Table  2.  The  last  two 
columns  in  Table  2  provide  the  ionospheric  zenith 
angles  at  an  altitude  of  350  km  and  the  propagation 
angles  (i  e..  the  angle  between  the  ray  path  and 
the  magnetic  field),  respectively. 

FORCING  FUNC  TIONS 

In  this  initial  development,  relatively  simple 
equations  were  developed  to  reproduce  the  mean 
scintillation  excursions  at  the  three  stations.  These 
forcing  parameters  included  the  following. 

Pliinelarv  may.net  u  index.  Kp.  It  has  been 
shown  that  at  high  latitudes  (which  in  this  case 
include  the  Narssarssuaq  and  Goose  Bay  observa¬ 
tions  and  during  severe  magnetic  storms  the  Saga¬ 
more  Hill  observations),  Kp  is  a  forcing  function 
| Aarons  and  .4 lien,  1971] 

Solar  flux.  Farly  work  by  Aarons  el  al  [1971] 
showed  that  sunspot  activity,  even  when  divorced 
lr».m  magnetic  index  variations,  had  an  effect  on 
scintillation  behavior.  Utilizing  the  2695-MHz  solar 
measurements  at  Sagamore  Hill,  we  separated  ob¬ 
servations  into  three  regimes  of  solar  flux  units 
(.V,)  (1)0  95,  (2)  96  120,  and  (3)  121  and  greater. 
Scintillations  do  not  in  r<  ery  month  increase  with 
increasing  solar  flux  but  vary  as  a  function  of 
season 

Seaxonal  parameter  A  very  dramatic  minimiz¬ 
ing  ...  diurnal  effects  is  shown  in  the  Narssarssuaq 
observations  over  the  winter  [Buxu,  I975| .  This  has 
been  accounted  lor  in  the  equations 

Diurnal  pattern  This  includes  the  variation  of 
scintillation  magnitude  as  a  function  of  local  time 
under  magnetically  quiet  and  disturbed  conditions 
as  modulated  by  the  seasonal  function. 


Analyses  were  conducted  separately  for  each 
station.  The  data  were  partitioned  into  12  months, 
7  Kp,  3  solar  flux  (at  2.7  GHz),  and  24  UT  ranges 
The  Kp,  Sr  and  SI  readings  were  averaged  in  each 
block.  A  compact  file  was  thus  made  available  for 
high-speed  iterative  modeling  studies.  The  seven 
Kp  ranges  are  0-1,  1+  to  2,  2+  to  3,  3+  to  4, 
4+  to  5,  5+  to  6,  and  6+  and  up.  The  three  S, 
ranges  are  0-95,  96-120,  and  121  and  up.  Tables 
of  the  averaged  SI  are  provided  for  each  of  the 
stations. 

Out  of  a  maximum  possible  6048  blocks  (12  x 
7  x  3  x  24),  the  averaged  files  comprise  the 
following:  Narssarssuaq,  4985  blocks;  Goose  Bay, 
4217  blocks;  and  Sagamore  Hill,  5065  blocks.  The 
empty  blocks  generally  correspond  to  the  highest 
two  Kp  ranges,  i.e..  5+  and  up,  and  occasionally 
the  highest  5,  range. 

MODELING  AT  HIGH  LATITUDES 

A  search  was  conducted  to  derive  an  empirical 
analytical  formula  of  SI.  Analytical  forms  were 
preferred  to  ensure  smooth  transitions  as  a  function 
of  the  driving  functions,  namely,  day  of  year,  Kp, 
S,,  and  universal  time.  These  forms  also  permitted 
use  of  regression  techniques  for  least  squares  fitting 
to  the  averaged  data  file.  In  the  course  of  the  search 
for  improved  fits,  special  characteristics  of  the  data 
were  noted  which  suggested  elaborations  of  the 
form.  Examples  are  the  delayed  peak  in  the  diurnal 
SI  variation  with  higher  Kp,  the  seasonal  effect 
on  diurnal  variation  amplitude  relative  to  the  average 
SI,  the  seasonal  effect  on  influence  of  Kp  and  Sf, 
and  the  need  for  higher  harmonics  to  represent  the 
diurnal  variation. 

Separate  analytical  formulas  were  developed  for 
each  station.  These  individual  models  approximate 
the  actual  data  base  as  closely  as  possible,  while 
smoothing  abrupt  variations  to  fit  an  analytical  form. 

The  appendix  presents  the  formula  for  each 
station  in  terms  of  local  time.  The  difference  be¬ 
tween  universal  time  and  local  time  at  the  subiono- 
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Fig.  2.  Sample  behavior  of  data  (solid  curve)  and  the  best-fitting  model  (dashed  curve)  in  UT  at  Narssarssuaq 
as  a  function  of  different  Kp  and  solar  flux  groupings  for  the  month  of  March. 


SOLAR  FLUX  0-95 


GOOSE  BAY  MONTH  3 

96-120  121 -UP 


Fig  3.  Sample  of  behavior  of  data  (solid  curve)  and  the  beat-fitting  model  (dashed  curve)  in  UT  at  Goose 
Bay  at  a  function  of  different  Kp  and  solar  fhix  groupings  for  the  month  of  March. 
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Fig  4  Sample  of  bchavioT  of  data  (*oltd  curve)  and  the  best-fitting  model  (dashed  curve)  in  UT  at  Sagamore 
Hill  as  a  function  of  different  Kp  and  solar  flux  groupings  for  the  month  of  March. 


spheric  point  (350  km)  was  taken  to  be  3.4  hours 
at  Narssarssuaq,  4.1  hours  at  Goose  Bay,  and  4.7 
hours  at  Sagamote  HiU.  In  the  model  equations 
the  cosine  arguments  (in  radians)  that  include  the 
terms  for  day  number  (DA)  and  hour  (HL)  assume 
a  multiplicative  term  of  2tt/365  and  2ir/24,  respec¬ 
tively  Though  not  shown  in  the  equation  for  reasons 
of  convenience,  these  must  be  included  in  the 
calculations 

In  Figures  2  4,  typical  comprehensive  compara¬ 
tive  plots  of  the  averaged  data  (solid  curve)  and 
the  model  (dashed  curve)  are  provided  for  each 
station  The  model  predictions  used  the  actual 
averaged  data,  Kp  and  S,  for  each  hour,  and  are 
therefore  absent  when  data  are  absent.  These  best 
fit  models  may  occasionally  predict  small  negative 
Si's,  these  can  be  made  to  asymptotically  approach 
zero  by  replacing  a  value  V  which  is  less  than  0. 5 
by  eut  This  ensures  continuity  in  the  predic¬ 
tions  near  0.5  and  introduces  minimal  distortion, 
since  only  the  very  low  scintillations  are  adjusted. 

tylMTIONS  AND  DATA 

To  illustrate  the  behavior  of  the  data  and  of  the 
best  fitting  equations,  Narssarssuaq  data  are  shown 


in  Figure  2  for  the  month  of  March.  One  can  note, 
for  example,  along  the  left-hand  side  for  the  solar 
flux  set  of  0-95,  that  scintillations  increase  with 
increasing  Kp.  The  dotted  curve  is  the  model 
equation,  and  the  solid  curve  connects  1-hour  means 
of  scintillation  excursions. 

Along  any  series  of  boxes  with  identical  Kp,  one 
can  note  that  the  model  and  the  data  indicate  that 
the  general  trend  is  for  the  scintillation  excursions 
to  increase  with  increasing  solar  flux. 

The  behavior  of  the  Goose  Bay  data  and  best-fit- 
ting  formula  for  March  are  shown  in  Figure  3.  Within 
each  particular  solar  grouping,  scintillations  in¬ 
crease  with  increasing  Kp.  For  the  same  Kp  group¬ 
ing,  the  scintillation  excursions  increase  with  in¬ 
creasing  solar  flux. 

Behavior  of  the  Sagamore  Hill  data  and  model 
for  March  are  shown  in  Figure  4.  For  the  low  solar 
flux  group  (13-95)  a  very  slight  increase  in  scintilla¬ 
tions  associated  with  increasing  Kp  is  seen.  The 
same  is  true  of  the  solar  flux  group  96-120,  while 
for  high  solar  flux,  the  increase  with  Kp  becomes 
more  noticeable.  In  general,  within  a  particular  Kp 
grouping,  scintillation  index  increases  with  increas¬ 
ing  solar  flux. 
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LIMITING 

A  basic  problem  in  the  data  and  the  modeling 
is  the  problem  of  limiting  Since  the  attempt  in 
(his  model  was  to  find  average  excursions,  the 
limited  signal  to  noise  ratio  of  the  recordings  resulted 
in  excursions  at  137  MHz  being  at  their  maxima 
16-19  dB  (depending  on  equipment).  Thus,  for 
example,  if  the  15-min  indices  for  2200-2215  on 
any  month  all  showed  excursions  of  19  dB,  the 
average  would  be  19  dB.  As  has  been  shown  by 
other  experiments  with  greater  signal  to  noise 
ranges,  the  excursions  could  have  been  >-26  dB 
Equipment  limitations  would  not  have  indicated  the 
higher  values.  Thus  a  comparison  with  higher- 
frequency  data  will  possibly  serve  only  to  indicate 
occurrence  patterns  and  the  effect  of  various  forcing 
functions;  frequency  dependence  reductions  done 
with  this  model  are  of  limited  validity.  In  this  respect 
it  is  important  to  note  that  phase  scintillation  mea¬ 
surements  are  generally  free  from  the  limiting  prob¬ 
lem. 

AVERAGED  VERSUS  MEDIAN  DATA 

In  order  to  test  if  the  averaged  data  were  skewed 
by  problems  of  limiting,  the  mean  values  were 
compared  with  medians.  Figure  5  illustrates  this 
for  Narssarssuaq,  it  can  be  seen  that  no  substantial 
differences  occur  between  the  averaged  and  the 
median  dB  values.  For  low  scintillation  activity, 
averaged  values  tend  to  be  higher  than  median 
values.  Similar  comparisons  with  roughly  the  same 
results  were  made  with  both  Sagamore  Hill  and 
Goose  Bay  data. 

DISTRIBUTION  OF  OCCURRENCE 
OF  SCINTILLATION 

From  the  engineering  viewpoint,  distribution  of 
the  occurrence  of  various  levels  of  scintillations 
allows  systems  designers  to  evaluate  degradation 
of  proposed  or  current  systems.  Distribution  anal¬ 
yses  were  conducted  of  the  high-latitude  data  files. 
These  data  are  shown  partitioned  into  two  signifi¬ 
cant  scintillation  blocks.  26  dB  and  ^9  dB.  The 
data  are  then  divided  into  night  (17  05  FT)  and 
day  (05-17  LT).  These  distributions  are  given  in 
Table  3 

FREQUENCY  DEPENDENCE 

In  order  to  fully  utilize  the  formulas,  it  is  desirable 
to  be  able  to  extrapolate  the  dB  values  resulting 


TABLE  3  Percentage  of  occurrence  of  scintillation  (peak  lo 
peak) 


Scintillation 

Night 

Day 

Block 

(17-05  l.T)  (05 

17  LT) 

Narssarssuaq.  Greenland.  ATS  3.  137  MHz 

A’  *  0--3  + 

dB 

46  3 

14  5 

»9  dB 

29  4 

6  2 

K  -  4-9 

dB 

78.8 

47  2 

»9  dB 

61.8 

31  0 

Goose  Bay.  Labrador.  ATS  3,  137  MHz 

K  *  0-3  + 

-6  dB 

8  3 

0.5 

29  dB 

3.9 

02 

*  =  4-9 

dB 

30  2 

8.3 

29  dB 

15.0 

3.7 

Sagamore  Hill.  Massachusetts.  ATS  3.  137  MHz 

K  --- 

26  dB 

5.4 

0.3 

>9  dB 

2  5 

0.1 

K  -  4-9 

*6dB 

6.9 

0.7 

-»9  dB 

3  6 

0.3 

from  the  137-MHz  data  base  to  values  for  higher 
frequencies.  This  entails  the  use  of  the  spectral 
index  n,  where 

n  =  (log  (S,/Sj))/ltog  (/,//,)) 

The  scintillation  index  is  in  terms  of  S4  |  Whitney. 
1974] .  This  expression  is  valid  as  long  as  the 
scintillation  index  is  a  constant  power  law  function. 
Under  conditions  of  weak  scattering,  a/  1  5  varia¬ 
tion  with  S4  indices  is  noted  and  is  consistent  with 
a  three-dimensional  irregularity  power  spectral 
index  of  4  \Rufenach,  1974;  Whitney  and  Basu, 
1977], 

Recent  observations  ]  Fremouw  et  al..  1978]  em¬ 
ploying  10  frequencies  between  138  MHz  and  2.9 
GHz,  transmitted  from  the  same  satellite  DNA  002. 
show  a  consistent  /  1  '  behavior  of  S4  for  S4  less 
than  about  0.6.  These  data  were  taken  at  both 
equatorial  latitudes  (Ancon)  and  high  latitudes 
(Poker  Flat,  Alaska).  In  both  cases  the  frequency 
dependence  becomes  less  steep  for  stronger  scin¬ 
tillation,  saturating  for  values  of  S4  approaching 
unity,  as  expected  for  ‘fully  developed’  intensity 
scintillation  obeying  a  Rayleigh  distribution. 

GEOMETRICAL  CONSIDERATIONS 

It  has  been  noted  that  scintillations  maximize  both 
at  low  angles  of  elevation  and  when  the  signal 
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propagation  path  is  parallel  to  the  lines  of  force 
of  the  earth’s  field.  In  order  to  fully  examine  the 
problem  of  geometry,  a  model  would  need  to  be 
developed  in  which  the  irregularity  shape  and 
elongation  varied  as  a  function  of  latitude,  time, 
and  geomagnetic  conditions. 

Martin  and  Aarons  (1977)  interpreted  synchro¬ 
nous  satellite  data  in  the  Narssarssuaq-Goose  Bay 
area  by  using  a  Gaussian  irregularity  spectrum  for 
the  irregularities.  They  found  the  irregularities  to 
be  elongated  along  the  magnetic  field  with  a  5:2:1 
configuration,  where  the  first  term  is  u,  elongation 
of  the  irregularity  along  the  lines  of  force  of  the 
magnetic  field,  the  second  term  is  y,  orthogonal 
to  the  elongation  along  the  lines  of  force,  being 
the  magnetic  east-west  dimension,  and  the  last  term 
is  orthogonal  to  the  other  two  planes,  i.e.,  magnetic 
north-south. 

Rino  et  al.  (1978),  by  observing  the  Wideband 
satellite  (~1000-km  altitude)  in  Poker  Flat,  Alaska, 
find  evidence  for  L  shell  aligned,  sheetlike  irregu¬ 
larities  with  a  lower  bound  to  the  configuration 
of  10. 10:  I. 

Mikkelsen  et  al.  (1978)  have  attempted  to  deter¬ 
mine  the  theoretical  scintillation  index  S4  when  the 
irregularities  are  described  by  a  power  law  power 
spectrum.  This  utilizes  the  coordinates  of  the  radio 
ray  in  the  local  coordinate  system  with  set  values 
for  the  elongation  of  the  irregularities  along  and 
perpendicular  to  the  magnetic  field  lines.  Mikkelsen 
et  al.  assumed  that  the  approximate  dividing  line 
between  weak  and  strong  scintillation  is  ~9  dB, 
with  SI  <  9  dB  denoting  the  weak  case.  For  this 
case  the  geometric  variation  of  S4  is  given  by 

Sa  a  (//cos  r/(i|i,  <t>)|  1/3 

where 

I  ionospheric  zenith  angle,  equal  to  the  angle  between 
the  radio  ray  and  the  irregularity  layer; 
it>  propagation  angle,  equal  to  the  angle  between  the 
radio  ray  and  the  magnetic  field  direction; 

<t>  azimuth  of  the  radio  ray  in  local  coordinate  system 
of  z  axis  along  the  magnetic  field  direction  and  v  axis 
in  the  magnetic  east-west  direction; 

/(i|i,  <J>)-ay(y3  cos3  4>  +  sin3  <i>  +  cos3  tli(cos3  <t>  + 
y3 sin 2 4» )  4-  a3 sin3 ill)/  (y3 cos3 ill  +  «3 sin3ili(y3 cos3  6 
+  sin3  <t>)]  1/3 

z  reduced  slant  range  to  irregularity  layer,  equal  to 
/,(/,  -  /,)//,,  where  z,  is  the  slant  range  to 
irregularity  layer  and  z,  is  the  slant  range  to  satellite, 
a  elongation  of  the  irregularities  along  the  magnetic 
field  lines; 


y  elongation  of  the  irregularities  in  the  magnetic  east- 
west  direction. 

Using  this  irregularity  formulation,  Mikkelsen  el 
at.  (I978|  found  the  Narssarssuaq  observation  of 
the  orbiting  satellite.  Nimbus  4,  at  an  altitude  of 
1 100  km  a  best  fit  of  irregularity  configuration  with 

2.5:13:1. 

In  order  to  present  a  simplified  solution  to  this 
problem,  correction  factors  for  the  three  high-lati- 
tude  stations  under  the  assumption  of  the  elliptical 
column  model  of  individual  irregularities  of  5  km 
along  the  lines  of  force  of  the  earth's  magnetic- 
field,  2  km  orthogonal  to  the  lines  of  force  (E  W), 
and  of  I  km  in  the  north-south  meridian  as  deter¬ 
mined  by  Martin  and  Aarons  (I977J  have  been 
calculated. 

For  purposes  of  comparison,  we  have  illustrated 
geometrical  corrections  to  the  data  from  Narssars¬ 
suaq  for  a  1 100-km  orbiting  satellite  assuming  a 
Gaussian  power  spectrum  (Figure  6)  and  a  power 
law  model  (Figure  7).  Correction  factors  have,  in 
addition,  been  calculated  for  the  35()-km  intersection 
of  the  ATS  3  satellite  using  the  power  law  model. 
The  S4  values  derived  from  the  formulas  presented 
in  the  appendix  would  be  reduced  by  1.5  for 
Narssarssuaq.  1.1  for  Goose  Bay,  and  1.2  for 
Sagamore  Hill.  We  have  not  incorporated  these 
correction  factors  in  the  constants,  since  the  irregu¬ 
larity  configuration  is  not  agreed  upon.  It  is  possible 
that  it  changes  as  a  function  of  latitude,  solar  and 
geomagnetic  activity,  and  perhaps  even  local  time. 
Factors  given  above  are  probably  minimum  reduc¬ 
tions  relative  to  overhead  values. 

COMPARISON  OF  MODEL  FORMULAS  WITH 
MILLSTONE  MILL  DATA 

In  order  to  validate  the  Narssarssuaq  and  Goose 
Bay  equations  using  an  independent  set  of  observa¬ 
tions  at  a  higher  frequency,  a  comparison  was  made 
with  Millstone  Hill  observations  of  Navy  Navigation 
Series  satellites  |  Wand  and  Uvans.  1975] .  This 
Millstone  Hill  data  consisted  of  S4  scintillation 
indices,  taken  in  the  period  1971  1974  (a  period 
of  medium-high  solar  flux),  at  400  MHz,  normalized 
to  zenith  using  an  assumed  three-dimensional  power 
law  spectrum.  The  data  base  contained  >2000  tracks 
(—600  hours  of  observations).  Contour  plots  of  this 
data  base  were  generated  in  local  lime  over  a  range 
of  42-70°N  A  after  partitioning  the  data  into  two 
seasons  (summer  and  winter,  defined  between  the 
equinoxes)  and  several  different  Kp  levels.  A 
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NARSSARSSUAO  360* 


l-'ig  6  Plot  of  correction  factors  for  viewing  a  1 100-km  orbiting  salelllie  from  Narssarssuaq  under  assumptions 
of  elliptical  column  irregularity  model  and  a  Gaussian  irregularity  power  spectrum. 


NARSSARSSUAQ  360* 


180* 


Fig  7  Plot  of  correction  factors  for  viewing  a  1 100-km  orbiting  satellite  from  Narssarssuaq  under  assumptions 
of  elliptical  column  irregularity  model  and  a  power  law  irregularity  power  spectrum. 


124 


AARONS.  MACKENZIE.  AND  BI1AVNANI 


S« 


d  &  ( I37MH| ) 

Big  X  Relationship  between  S,  at  400  Mltz  and  scintillation  (dH)  at  157  Mil/. 


comparison  of  the  data  was  restricted  to  the  60  64° 
A  range. 

For  comparison  purposes,  model  dB  values  were 
generated  for  5,  =  120  (to  correspond  to  the  me¬ 
dium-high  solar  flux  level  of  the  Wand 
and  Evans  data),  for  each  hour  (local  time),  for 
each  month,  then  averaged  within  the  two  seasons, 
and  normalized  and  converted  to  .V4  (4(H)  MHz) 
by  means  of  Figure  X  These  were  then  corrected 
to  overhead  zenith  using  correction  factors  deter¬ 
mined  by  the  method  of  Mikkelsen  cl  a!  |I97X| 


mentioned  in  the  previous  section  with  irregularity 
form  of  t»  -  5  (elongation  along  magnetic  field 
lines)  and  y  2  (elongation  of  irregularity  in 
magnetic  east-west  direction (  These  factors  were 
approximately  1.5  for  Narssarssuaq  and  I  I  for 
Goose  Bay.  lower  than  the  factors  (which  corrected 
only  for  elevation  angle)  of  2.5  and  1.8.  respec'  v.'ly. 
if  the  corrections  developed  by  Wand  and  Evans 
were  applied  to  the  Narssarssuaq  and  Goose  Bav 
intersections.  The  resulting  comparison  of  the  two 
data  sets  is  shown  in  Figures  9  and  10  for  the 


SUMMED  Kp  *  4  6 

Tig  9  Comparison  of  Wand  and  Evans  400-MHz  summer  data  for  the  disturbed  magnetic  case  (solid 
curves)  wilt)  Narssarssuaq  and  Goose  Bay  model  data  (dashed  curves)  corrected  for  the  ATS  5  intersection 
point  and  converted  to  400  MM/. 
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WINTER  Kp-  4  6 

I  lo  (  i'liipitrisoii  o|  W.tmi  and  I  vans  400  MU/  winicr  Jala  lor  the  disturbed  magnetic  case  (solid 
curves!  with  Njrssurssuaq  and  (loose  Bay  model  data  (dashed  curves)  corrected  tor  the  ATS  1  intersection 
point  and  converted  to  400  MHz 


disturbed  magnetic  case,  A  -  4.5.  Under  quiet 
magnetic  conditions,  A  -  2,  the  trends  are  very 
similar,  with  lower  ,V4  values  for  both  sets  of  data 
For  the  summer  data  at  both  K  =  2  and  A  = 
4  5  the  formulas  predict  somewhat  higher  local 
midnight  values  than  the  Wand  and  Evans  data 
shew.  The  comparison  of  winter  observations  shows 
agreement  within  less  than  a  factor  of  2  in  the 
region  below  64”.  the  latitude  of  the  Narssarssuaq 
intersection  The  contours  of  Wand  and  Evans 
depict  a  winter  maximum  at  —14  16  LT  at  their 
lowest  observational  latitudes,  i.e  ,  in  the  auroral 
zone  between  65  and  69"  Confining  our  comparison 
to  latitudes  below  these,  their  winter  (September 
February)  can  be  compared  to  the  data  base  collect 
ed  at  Narssarssuaq  by  refenng  to  Figure  3  of  paper 
I  the  Narssarssuaq  contours  In  that  figure  for  64°, 
the  broad  maximum  of  activity  is  between  16  and 
03  I  f  in  September  and  in  February  and  between 
midnight  and  02  1.3  in  December  and  January 
I  ii  furtliei  pursue  the  comparison  with  Wand  and 
Evan-  an  independent  set  of  measurements  of 
scintillations  »>l  (he  '4-Mllz  beacon  of  the  1 000- km 
orbiting  satellite  Transit  IV -A  (the  forerunner  of 
NNSS)  were  used  This  data  base  consists  of  over 
2 1 ,000  I  nun  scintillation  values  observed  from 
Sagamore  Mil!  in  the  period  from  lulv  1961  to  April 
1 9fn,  and  has  been  divided  into  summer  and  winter 
observations  During  these  years,  the  average  solar 
tlux  was  lower  than  in  the  years  of  the  Wand  and 
i  vans  data.  While  the  Transit  measurements  suf¬ 
fered  from  strong  scattering  at  high  latitudes,  the 
form  of  the  diurnal  pattern  can  be  easily  obtained 
Irom  the  extensive  data  base 


The  summer  diurnal  pattern  in  this  Transit  IV-A 
data  is  such  that  for  low  Kp,  the  lowest  latitude 
of  the  ,S7  s-  60%  contour  was  reached  at  —21-24 
LT,  while  under  disturbed  magnetic  conditions,  this 
occurs  slightly  later,  —  2 1  -03  LT,  in  agreement  with 
the  model  contours.  The  winter  diurnal  pattern  for 
both  quiet  and  disturbed  magnetic  conditions  shows 
the  lowest  latitudinal  extent  of  the  SI  z  60%  contour 
to  occur  —2 1 -24  LT. 

Although  the  data  were  taken  at  low  elevation 
angles  to  an  invariant  latitude  of  ~69°,  the  low 
frequency  observed  (54  MHz)  and  the  signal  re¬ 
cording  techniques  produced  limiting  so  that  the 
scintillation  indices  obtained  from  the  Transit  set 
could  not  be  used  quantitatively.  It  would  appear 
as  if  the  analytical  formulas  presented  are  valid 
to  the  latitude  of  64°  as  shown  by  both  the  ATS 
3  and  the  Transit  IV-A  data  The  Wand  and  Evans 
observations  indicate  a  different  maximum  for  win¬ 
ter  for  latitudes  above  64”,  in  no  way  invalidating 
the  formulas  presented 

DISCUSSION 

The  concept  of  this  organization  of  a  large  data 
base  over  a  limited  geographic  area  was  to  provide 
users  of  scintillation  data  a  means  of  predicting 
what  changes  in  various  forcing  functions  would 
do  to  the  diurnal  pattern  of  scintillation  activity. 
Other  models  have  been  developed  which  attempt 
a  wider  sweep  of  prediction  at  high  latitudes  \Fre- 
mouwelal.,  I977J. 

However,  it  is  the  opinion  of  the  authors  of  this 
paper  that  there  are  too  many  unknowns  at  this 
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time  to  do  more  than  codify  and  simplify  the  data. 
Questions  exist  as  to  the  configuration  of  (lie 
irregularities  and  to  the  variations  of  the  three- 
dimensional  structure,  as  to  the  thickness  of  the 
layer  of  irregularities,  and  as  to  irregularities  being 
in  the  £  and/or  the  F  layer  at  various  stages  of 
auroral  activity.  The  entire  question  of  the  polar 
ionospheric  irregularities  and  the  effect  of  magnetic- 
activity  on  the  level  of  scintillations  in  the  polar 
cap  is  still  open,  with  only  a  small  amount  of  data 
available. 

The  data  in  this  paper  had  limitations.  While  the 
data  covered  the  entire  day  (a  problem  for  high- 
inclination  low-altitude  satellite  studies  except  per¬ 
haps  at  polar  latitudes),  the  single-frequency  data 
and  the  equipment  utilized  limited  the  precise  de¬ 
scriptions  of  large  excursions  of  signal. 

The  user  of  the  formulas  generated  should  take 
the  following  steps.  The  dB  values  calculated  must 
first  be  converted  into  S4  values,  since  geometrical 
corrections  use  St  values.  The  i'4  obtained  from 
the  formula  through  the  conversion  may  be  correct¬ 
ed  by  the  ratio  of  the  ATS  3  correction  to  the 
geometrical  problem  under  consideration.  It  should 
be  noted  that  at  certain  azimuths  at  high  elevation 
angles  (toward  the  north,  for  example)  the  values 
are  lower  than  those  overhead.  At  low  angles  of 
elevation,  even  to  the  north,  angle  of  elevation 
effects  dominate  the  equation,  dwarfing  the  propa¬ 
gation  angle  corrections.  The  discussions  relative 
to  geophysical  parameters  have  been  given  in  paper 
1. 

Frequency  dependence  corrections  are  also  done 
with  S4  values.  They  suffer  from  the  frequency 
dependence  being  a  function  of  strong  and  weak 
scatter.  With  weak  scalier  values,  an  n  of  1.5  can 
be  used,  but  with  strong  scatter  the  frequency 
dependence  changes.  If  two  frequencies  are  both 
strongly  scattered,  the  approximate  value  of  the 
frequency  dependence,  n,  is  zero,  i.e.,  both  signals 
are  Rayleigh  scattered 


APPENDIX 

Analytical  formulas  are  given  below  for  three 
stations.  DA  is  day  number,  As  =  S,/ 100,  HL 
is  local  time  (hours)  at  subionospheric  point  (350 
km),  and  Sf  is  solar  flux  at  2695  MHz  in  solar 
flux  units. 


Narssarssuaq 

S/(dB)--  6.4  +  9.2(1  0.2f7J)|l  ♦  0.23(1  0.3 FD) 

cos  (HL  4  2  0  4  0.34 Kp)  1  0.03  cos  <2(«L  -  0  6)) 

i-  0  02  cos  (3(7/ /.  i  3.0»|  —  * 1 

FD  -  cos  (DA  4  15  6)  4  0  56  cos  (2 (DA  -  22  4)) 

Goose  Bay 

A7(dB)  =  -1.3  4  1.1(1  -  0.71  FD ) [  I  4  0  5(1  0.2FD) 

cos  (HL  4  21  -  O.bKp)  4  0.06  cos  <2 (///,  -  2.1)) 

i  0  02  cos  (3 (HL  4  5.2)))  2 1,1  . . >"»< 

FD  =r  cos  ( DA  4  0.5)  4  0.2  cos  (2(DA  99)) 

Sagamore  Hill 

,S7(d B )  0  33  4  0.02(1  4().2£0)(l  4  1.2(1  0.01  £0) 

cos  (HL  -  0.4  -015  Af/z)  4-0  3  cos  (2 (HL  -  0.8)) 
0lcos(3  (HI.  4-  6. 1  ))|  2 * ,M  1 
FD  -  cos  (DA  4  56)  4  0.7  cos  (2 (DA  -  143)) 
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Abstract  Initial  results  of  ground  and  air-borne  measurements  »f  250 
MHz  scintillations  associated  with  ionospheric  heating  in  both  the  over 
dense  (heater  frequency  below  the  critical  frequency)  and  underdense 
cases  (heater  frequency  above  the  critical  frequency)  by  the  high-power, 
high-frequency  transmitter  at  Plattevnlle,  Colorado  are  discussed.  The 
ground  stations  and  the  geostationary  satellites  used  in  the  experiment 
were  so  chosen  that  it  was  possible  to  explore  the  artificial  irregulari¬ 
ties  both  within  and  outside  the  central  heated  volume.  One  ground 
station  was  able  to  view  LfcS-8  in  a  field -aligned  direction  while,  at  a 
second  ground  station,  spaced  receiver  scintillation  measurements  were 
available  using  FLF.ETSATCOM  The  instrumented  aircraft  recorded 
both  phase  and  amplitude  scintillations  and  flew  missions  in  the  north- 
south  and  east-west  directions  to  define  the  region  of  artificial  irregu¬ 
larities.  The  preliminary  results  indicate  a  prompt  excitation  of  artificial 
irregularities  in  the  overdense  case  causing  2-10  dB  scintillation  at  244- 
249  MHz  and  a  lifetime  of  the  order  of  ten  minutes.  In  the  underdense 
case,  on  the  other  hand,  the  response  was  delayed  and  effects  were  ob¬ 
served  to  be  on  the  order  of  1-3  dB  at  250  MHz,  although  a  unique 
event  of  10  dB  scintillation  was  recorded  along  the  field-aligned  propa¬ 
gation  path.  The  presence  of  such  scintillations  in  the  underdense  case 
and  their  implications  for  (he  proposed  Solar  Power  Satellite  (SPS)  are 
indicated  in  the  paper. 

Introduction 

It  has  been  established  that  high-power  HF  transmitters  operating 
it  a  frequency  below  the  maximum  ionospheric  plasma  frequency  can 
produce  significant  enhancement  of  the  electron  gas  temperature  near 
the  altitude  of  HF  reflection  (Gordon  et  al..  1971;  Utlaut  and  Cohen, 

1971 ;  for  recent  comprehensive  reviews  see  Carlson  and  Duncan,  1977 
and  Fejer,  1979).  It  was  also  pointed  out  that  if  the  power  density  of 
the  incident  HF  radio  waves  is  sufficiently  intense  (~  JO-lOOpwm  2). 
the  parametric  instabilities  may  occur  in  the  ionospheric  plasma  (Perkins 
et  al.,  1974;  DuBois  and  Goldman.  1972).  The  prediction  was  experi¬ 
mentally  confirmed  at  Arecibo  (Carlson  et  al  .  1972)  and  it  was  demon 
itrated  that  short  wavelength  Hcm-IOm)  electron  waves  are  driven 
unstable  by  the  decay  instability 

The  long  wavelength  (~1  kin)  field-aligned  irregularities  giving  rise 
to  artificial  spread  F  (Utlaut  et  al.,  1970,  Utlaut  and  Violette,  1972, 

Wright,  1973)  could  not.  however,  be  explained  in  terms  of  the  above 
instability  process.  The  causative  mechanism  for  the  generation  of  long 
wavelength  irregularities  remained  obscure  for  quite  a  while  and  is  now 
attributed  to  either  a  thermal  self-focusing  mechanism  (Perkin*  and 
Valeo,  1974;  Thome  and  Perkins,  1974)  or  the  alternative  mechanisms 
of  stimulated  BriUouin  scattering  (Cragin  and  Fejer,  1974)  and  itimu 
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lated  diffusion  scattering  (Goldman.  1974)  Nevertheless,  this  range  of 
irregularity  scale  sizes  having  sufficient  power  spectral  intensity  can 
cause  scintillation  of  tadio  signals  received  from  radio  stars  and  artifi¬ 
cial  satellites.  It  was  demonstrated  that  VHF/UHF  signals  transmitted 
through  the  artificially  heated  ionospheric  F  region  do  indeed  exhibit 
scintillations  (Rufenach,  1973,  Pope  and  Fritz,  1974;  Bowhill.  1974) 
Radio  star  scintillation  measurements  at  26  MHz  during  ionospheric 
modification  indicated  the  presence  of  either  rapid  and  random  or  deep 
long-period  (^5  mins)  fluctuations  In  order  to  avoid  some  of  the  diffi¬ 
culties  of  radio  star  observations.  Bowhill  ( 1974)  performed  scintillation 
measurements  with  both  geostationary  and  orbiting  satellites  and  estab 
lished  the  field-aligned  nature  of  the  irregularities  causing  VHF  and  UHF 
scintillations,  their  transverse  scale  and  dnff  speed.  One  feature  common 
to  all  the  above  studies  was  the  fact  that  the  heater  frequency  was  below 
the  plasma  frequency  of  the  F  region. 

In  this  paper,  we  describe  some  preliminary  results  from  a  recent 
scintillation  experiment  performed  at  two  ground  stations  in  Wyoming 
and  by  an  instrumented  aircraft  in  conjunction  with  ionospheric  heat 
tng  hy  the  high-power,  high-frequency  transmitter  at  Platteville,  Colo¬ 
rado  The  notable  feature  of  the  present  experiment,  in  contrast  to  the 
previous  ones,  was  the  operation  of  the  heating  transmitter  at  a  fre¬ 
quency  not  only  below  the  critical  frequency  of  the  ionosphere  (over- 
dense  heating)  but  above  the  critical  frequency  (underdense  heating)  as 
well.  Although,  fadings  of  signals  have  been  reported  earlier  during 
underdense  heating  by  obliquely  reflected  radio  waves  (Novozhilov  and 
Savel’yev,  1978),  the  results  presented  in  this  paper  indicate,  for  the  first 
time,  that  underdense  heating  may  cause  intensity  fluctuations  of  signals 
received  from  satellites.  Any  transionospheric  propagation  effects  asso¬ 
ciated  with  underdense  heating  has  possible  implications  for  the  pro¬ 
posed  Solar  Power  Satellite  (SPS)  system  (Basu  and  Basu,  1980). 

Experimental  Details 

During  the  period  of  observations  between  March  7-14,  1980,  the 
Ffatteville  heating  transmitter  was  put  into  CW,  as  well  as,  pulsed  opera¬ 
tion  at  frequencies  varying  between  5.2  and  9.9  MHz.  with  a  maximum 
transmitter  power  of  1  5  MW.  Ordinary  mode  heating  was  used  through¬ 
out  the  period  of  the  experiment.  A  maximum  power  density  of  60 
M wm~2  at  300  km  was  attained  at  a  frequency  of  9.9  MHz.  A  full 
description  of  the  transmitter  and  antenna  systems  may  be  obtained  in 
Utlaut  et  al..  (1970)  and  Carroll  et  al..  ( 1974). 

Figure  I  shows  the  extent  of  the  central  heated  region  at  300  krr 
altitude  above  Platteville  at  limited  by  the  half-power  beam  circle  at 
10  MHz  (beam  width:  1 1.9®  at  10  MHz).  The  intersections  of  the  alti¬ 
tude  of  300  km  with  the  ray  paths  from  the  Douglas  station  (42.57°N, 
105  37®W)  to  ATS  3  and  F LEFTS ATCOM  I  (abbreviated  as  FLTS AT) 
satellites  as  well  as  from  the  Carpenter  station  (40.87®N,  104.18*W)  to 
LES-8  are  shown 
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h  view  »*t  the  finite  orHlaJ  iik  limit  ions  of  the  satellites,  the  mtei- 
m  <•  it* Mi  vaiicd  with  time  and.  thou  fore,  the  universal  time  i< 

n talked  ilongside  the  (*■•  i  of  the  •‘.ubmnoyphcrK  positions  It  mas  he 
noted  Ihit  the  sub  ionospheric  position  of  ATS  3  satellite  at  its  closest 
position  u.*>  located  about  40  km  to  the  west  of  the  beaten  tegum 
wheieas  the  locus  ot  II  ISA  I  was  within  *0  km  of  the  southern  fringe 
ot  tlu*  he.iled  legion  at  alt  imiversal  times  Since  the  I-  region  incgulan- 
lies  an  generally  'Mimed  to  be  lictil  aligned.  and  the  decimation  ol  the 
magnelK  I  retd  is  only  I  3  ,  lire  north-auith  orientaimn  of  the  snbiono- 
sphe: k  'ijA  nnpli-.  that  the  uy  path  to  that  satellite  is  able  to  inlet 
■  epl  i lie  orep'ilaMfi'  v  irncijied  within  the  beam  «itelc  at  altitudes 
bifdii  i  lb  in  '(HI  1  in  lr  u-  w  ol  the  large  orhiial  iiicliuation  ol  I  1  S-X. 
Mu*  »i:tM-MM«sph*MK  !•* «sn >. -»«  vanes  considerably  over  a  dnirnal  cycle  hut 
,t  tie.  wilmi  Ok*  healed  legion  he  tween  H0-0’  HI  and  remains  within 
V  f  m  t Iie.eed  voluine  between  1 04  H  I  Tlie  advantage  of  the 
huge  oihn.il  .  hn.ition  lies  m  a  high vlev.it ion  angle  of  measurement  tor 
scv  :.'l  Imuis  ,'roimdti.*  t '  1  equalling  the  magnetic  dip  angle  and  thereby 
. tit  .imp  the  unusual  opportunity  ol  field  aligned  scintillation  measure 
i  cut  at  a  fug?  •>*  .latitude  station  *v  if  ft  a  geostationary  satellite 

At  I  •••uel.i  •  ccMU  :;!.!tioi|  itiea  uremcitls  with  IllSAF  satellite  wen* 
1 1-  i ft >i n*v  r  -i i  M4  Mil/ using  t  sp.Ked  receivers  with  magnetic  I  W  base 
line  of  I  ’  >  '  i hi  ic*rs  and  Xd '*  meters  m  *|».  magnet n  N  S  direction.  ihc 
N  S  bavlim  being  limited  by  ten. nr  ■  imsid-uatiotis  At  the  same  sta 
I  toil  total  election  •.onleiil  and  amplitude  scud  i'h.1  ion  measure  menis 
were  made  w ill*  a  polamietcr  using  I  <7  Mil/  'raw. missions  trorn  A  IS  l 
\t  x  ■  t'.upcutei  site.  240  Mil/.  liansmisM  >n.  hom  1  t  S  *  were  received 
f oi  v  inlillatao.i  measurements  Data  were  recorded  on  magnetic  lajres 
at  both  sites  ami  die  cmtenliv  being  analysed  lit  determine  the  uregn 
lintly  dtnt  and  ^  nit  illation  spectra 
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■  •i ill  ition  data ohiameil  .it  (  upcnvi  using  id  S-X 
d  receiver  I  I  ISAM  l)M  data  •'Maine J  at 
iiospticMic  tieatmg  on  March  12.  I'/M)  I  he 
w  e.  in  t  Vt  o|H*r.itiou  w itli  power  ol  1 .5  MW  at  V  u  Mil/  he- 
odd  s  HI  I  he  ci  it  ical  I  requeue  y  was  i  I  *•  MM/  ai  00 'U  l 1 1 


Hie  aircraft  flew  time  missions  on  Match  1 1-1  2.  March  1 2-1 3.  and 
March  !  *  I  t.  1‘hSD.  and  performed  phase  and  amplitude  scintillation 
measinc’mei  ts  with  I  I  TSA  I  and  l.LS-8  satellites.  Tlie  aircraft  flew  N-S 
and  l  W  legs  over  both  ground  stations  at  Douglas  and  Carpenter  and 
w  is  able  to  define  the  I*.  W  and  N-S  extent  of  irregularities  generated  by 
the  heater  and  dete  rmine  the  lilelime  of  these  irregularities. 

Results 

Du*  top  panel  of  f-iguie  2  shows  scintillation  data  from  Carpenter 
ami  the  next  four  data  panels  arc  tiom  Douglas  showing  the  amplitude 
recording  ot  ATS  3  and  I'LTSAT  signal  fluctuations  on  the  east,  west 
and  south  receiving  systems  respectively  during  an  overdense  heating 
cycle  on  March  12.  )'>X0  I'he  heating  transmitter  was  turned  on  at 
00.10  UT  and  turned  off  at  0045  l'  I  and  operated  at  a  frequency  of  9.0 
Mil/  delivering  j  power  of  1  5  MW.  I'he  critical  frequency  of  the  tone- 
sphere  was  found  t  •  he  1 1  *•  MM/  at  0050  UT  and  thus  this  heating 
cycle  c«u responded  to  the  overdense  case 

I  he  (  aipesOf  data  illustrat  'd  on  the  top  panel  cover  the  entire 
healing  period  wheieas  the  Douglas  data  represented  m  the  bottom 
panels  covei  <»nlv  the  initial  heating  period  due  to  the  higher  chart 
speed  However,  'hr  onset  ot  scintillations  at  both  sites  was  recorded 
about  M»  se.  onds  alter  the  heating  tiansmilter  was  turned  on  and  per¬ 
sist.  .1  lor  at  least  d  minutes  alter  it  was  turned  ofl.  The  249  MM/  scin¬ 
tillations  j ■  the  (  .ir .'filter  site  concs{\)n<i  to  *  dC  peak  lo-peak  while  at 
the  Douglas  site  2  dll  sc  mi  ill.it  ions  at  244  MM/,  were  recorded.  No  ac¬ 
tivity  •K.urrej  on  the  MS  3  channel  The  htglier  level  of  scintillation 
activity  at  (  arpeiite:  is  attiibuted  to  the  near  alignment  ot  the  propaga¬ 
tion  patb  with  tin  nij^neiic  livid  through  the  heated  volume.  Spaced 
receivn  measnieincr.ts  ai  Douglas  >  ie id  an  eastward  u regularity  drift 
stor’d  "•  "  m  sc*.  1  du'ing  ibis  period  Ihc  absence  of  scintillation 
.1  on  \'  r  ATS- 3  v haimel  suggests  that  artificial  irregularities  did 

mi  «*\ii i.»l  40  km  io  ihc  west  ot  the  neutral  heated  volume  illustrated 
in  In, me  :  Ii  should  also  be  mentioned  that  the  ATS- 3  link  heing  at 
I  MM/,  cubam  ed sutdill.itiou  cltect.x  would  be  expected  as  compared 


I  igno  <  \  in  j'liltiiK  1  j  ohljined  at  (  anmilei  during  umlink  iim  ionospheric  healing  on  Starch  I  2,  1^80  The  transmit  lei  was  in  CW  oper* 

• wdh  pow*  i  of  I  s  MW  at  '» '•  Mil/  he  I  ween  0300  0  It  s  I  I  I  he  cnhul  tt-qu  »..us  at  02S8  U  I  and  0312  UT  were  8  1  and  1  d  MH/  respectively 
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Figure  4.  Same  as  in  Figure  2  except  lot  a  marginally  umierdense  case  of 
heating  on  March  13.  1980  I  he  transmitter  was  in  (  W  operation  with 
power  of  I  5  MW  at  tJ  9  Mil/  between  02  30-0245  trl  It.  critical  Ire- 
((iieiu  rex  .it  0  2  3 2  l*  I  and  (l. ’40  1 1  I  *oc  '*  '  .Hid  'I  35  Mil/ respe*  lively 

to  the  I  I  TSAT  link,  if  irregulaiiltrs  with  identical  strength  had  been 
present  at  both  locations 

At  the  end  of  the  above  heating  period  the  transmitter  remained 
off  for  more  than  two  hours  and  was  turned  on  at  0300  IJT  fot  a  15- 
minute  cycle  with  an  input  power  of  1.5  MV  It  was  operated  at  9  9 
MHz  while  the  critical  frequency  was  only  7.9  MHz.  so  that  the  heating 
was  underdense  Figure  3  shows  that  the  Carpenter  station  observing 
LES-8  in  a  magnetic-field  aligned  direction  recorded  quasi-periodic 
scintillations  with  10  dB  peak  to-peak  fading  The  station  at  Douglas 
did  not  observe  any  corresponding  effect  during  this  underdense  heating 
period  on  the  FI  TSA  I  propagation  path,  only  40  km  to  the  west  and 
south  of  the  subionosphertc  position  of  LHS-8.  The  quast-penod it  fad¬ 
ings  shown  m  Figure  3  ate  reminiscent  ot  a  special  type  of  naturally 


occurring  sunt  dial  tons  caused  by  ionization  gradients  (Basil  and  Das 
Gupta.  1969  F.lkms  ami  Slack.  I0o9)  li  should  he  mentioned. however 
ih.it  iu»  s  nil  fadings  were  observed  in  the  absence  «>i  healing  during  one 
week's  coin in. ions  observations  at  Carpenter  Whether  the  underdense 
heating  t-.m  create  field  aligned  density  depletions  (f'eikins  and  K**blr 
1978)  and  the  resulting  sharp  loni/ation  gradients  ..an  give  rise  lo  an 
mterferemc  pattern  (I  Ikins  and  Slack  19<*9)  because  of  the  special 
viewing  geometiy  remains  io  he  verified  hy  further  observations 

Figure  4  shows  scintillation  data  obtained  during  a  marginally  under 
dense  heating  cycle  between  02  30-0245  UT  on  March  I  V  1 9X0.  the 
heater  frequency  hemg  V  *>  MHz  and  the  critical  frequent  y  varying  he 
tween  9  5  MHz  and  9  35  MHz  A  peak  to  peak  fluctu  ition  of  3.5  dliat 
Douglas  and  3  dB  at  Carpenter  was  er. countered  during  tins  cycle  (  on 
siderable  variation  of  fading  period  tanging  between  3  see  to  2(1  ses  may 
be  noted  from  the  Carpentei  data.  Hie  Douglas  data  indicate  an  east¬ 
ward  drift  speed  of  about  I  2  in  sec  1  during  this  heating  cycle 

Figure  5  shows  scintillation  results  obtained  during  another  case  of 
underdense  heating  performed  between  03004)315  UT  on  March  13. 

1 980  Die  heater  frequency  was  9.9  MHz  and  the  power  output  was  I  5 
MW.  Hie  c t it ii. al  frequency  of  the  ionosphere  ranged  from  9  MHz  ai 
0252  t*>  K  35  M||/  ai  03 If*  1 1 1  During  ilus  underdense  healing  cycle, 
the  Douglas  site  recorded  I  5  dli  scintillations  and  the  Carpentei  site 
looking  along  the  magnetic  field  lines  observed  scintillations  of  3  dB 
magnitude  Both  sites  recorded  an  average  fading  period  of  about  40 
sc*.,  considerably  slower  as  compared  to  the  overdensc  cases  Consider¬ 
ing  the  propagation  geometry  of  Carpenter  observations,  the  ohserved 
scintillations  correspond  to  an  irregularity  amplitude  AN/N  -  0.3%  for 
an  assumed  layer  thickness  of  50  km  and  a  3-dtmensionaI  irregularity 
power  spectrum  of  4  with  an  outer  scale  of  2  km  (Basu  et  al..  I07M  A 
recent  theory  of  self  focusing  instability  in  an  urdcitlcn.se  ionosphere 
(Perkins  and  Goldman,  19X0}  predicts  the  generation  of  sheet-like  ir 
regularities  aligned  with  the  magnetic  meridian  with  irregularity  ampli¬ 
tudes  ^-0  5%  and  fc-W  striation  size  ^2  km  under  the  conditions  of  the 


Figure  V  Same  as  in  Figure  2  except  for  underdense  heating  on  Martli  |  3.  1980  The  ATS-3  data  showed  no  effect  and  is  not  shown  The  transmitter  was 
in  CW  operation  with  power  of  1.5  MW  at  99  MHz  her  ween  03(8)0315  UT.  The  critical  frequencies  at  0252  UT.  0310  UTand  0316  l!T  being  9.2.  8.5 
and  8  3  5  MHz  respectively 
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Basu  et  al .  : 


•ntillation  Measurements 


I  igurc  6  A  FA  I  aircraft  observations  of  amplitude  scintillations  using 
LFS-8  on  March  14.  I *>80  during  overdense  (top  panel)  and  underdense 
(bottom  panel)  cases  of  heating.  For  overdense  esse,  the  transmitter  was 
in  (,'W  operation  with  power  of  I  5  MW  at  5  2  MH*  between  0530-0545 
UT.  the  critical  frequency  was  5.5  MHz  at  05  23  UT  and  5  3  MHz  at 
0544  UT  For  underdense  case,  the  transmitter  was  in  CW  operation  with 
power  of  I  5  MW  at  5  2  MHz  between  0630-0645  UT.  The  critical  fre¬ 
quency  was  4  6  MHz  at  0640  UT 

present  exjieriment  Thus  there  is  good  agreement  between  the  theoreti¬ 
cal  prediction  and  observations  in  <egarri  io  the  irregularity  amplitude. 

The  aii c i aft  observations  detected  considerable  scintillation  effects 
on  many  heating  cycles,  as  it  could  position  itself  to  have  the  ray  paths 
intersect  the  heated  volume  By  flying  F.-W  and  N-S  legs,  the  aircraft 
measurements  indicate  the  extent  of  artificial  irregulanties  to  he  about 
70  km  F  W  and  100  km  N  S  In  the  top  panel  of  Figure  6  we  show  a 
case  of  scintillation  with  peak-to-pesk  fluctuation  of  7  dB  and  fading 
periods  of  about  10  secs  during  an  overdense  heating  cycle  on  March 
14.  I ‘>80  at  0547  UT  (heater  frequency  ~  5  2  MHz  and  critical  fre¬ 
quency  varvmg  between  5.5  and  5.3  MHz)  During  this  period,  the  air 
craft  made  an  t  W  cut  between  l04t>50*W  and  I0J*S6'W  ana  42°N 
latitude  and  then  retraced  its  path  encountering  the  deep  fades  with 
periods  -  5  sec  at  0547  UT  at  42*01  >4  and  104°37'W.  Similar  fades  of 
2  dB  magnitude  were  observed  at  both  Carpenter  and  Douglas  In  the 
bottom  panel  of  Figure  6.  we  show  the  aircraft  detecting  1-2  dB  fades 
with  periods  ‘MO  sec  during  an  underdense  heating  cycle  between  0630- 
0t>45  UT  (heater  frequency  *•  5  2  MHz  and  critical  frequency  -  4.8 
MHz)  on  Match  14  1980.  During  this  period,  the  aircraft  flew  a  N-S 
latitude  leg  (4l°53‘N  to  43*01  *N)  maintaining  a  longitude  of  104*3 lfW. 
During  this  same  cycle,  no  effect  was  seen  at  Carpcntei  as  the  geometry 
was  v«r>  ut. favorable  ‘cf.  Figure  1)  while  I  dB  fluctuation  with  periods 
20  sec  w,is  observed  at  Douglas 

To  summarize,  we  have  demonstrated  for  the  first  time  that  HF- 
dnven  instability  »n  the  underdense  ionosphere  can  give  rise  to  observ¬ 
able  sum liUoon  effects  st  250  MHz.  Perkins  and  Goldman  (1980)  have 
recentiy  shown  that  there  exists  a  finite  possibility  of  the  generation  of 
self  focusing  mvt ability  hy  the  microwave  power  beam  of  the  SPS  and 
have  predicted  irregular  density  fluctuations  to  be  two  orders  of  magni¬ 
tude  grea.er  than  the  HF  case,  considered  in  this  paper.  As  a  conse 
quence.  the  weak  effects  of  3  dB  amplitude  fluctuations  corresponding 
io  phase  deviation  of  10°  rms  at  250  MHz  (Basu  et  al .  1976)  reported 
here,  may  undoubtedly  magnify  even  at  the  much  higher  frequency  of 
operj  wn  envisaged  for  the  SPS.  Further,  in  the  presence  of  cascading 
of  irre^ulantv  scale  sizes,  propagation  over  a  broad  frequency  range 
may  be  affected  In  view  of  the  present  results  and  current  instability 
theories,  the  need  for  further  work  on  HF-heating  effects  on  the  under¬ 
dense  ionosphere  cannot  be  overemphasized  Obviously,  any  realisitic 
SPS  environmental  assessment  will  require  operation  of  HF  heaters  at 
several  higher  frequenciea  to  test  the  scaling  law  proposed  by  Perkins 
and  Goidnu.i  ( 1980) 
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Ab6t/iacX.  Faraday  rotation  measurements  of  VHF  radio  waves  from  the  S1R10 
satellite  have  been  used  to  determine  statistics  of  variability  of  iono¬ 
spheric  time  delay  in  the  Mediterranean  region  for  the  current  solar  maximum 
period.  Results  show  standard  deviations  of  up  to  25  percent,  or  up  to  six¬ 
teen  times  ten  tc  the  sixteenth  power  electrons  per  square  meter  column. 
During  daytime  periods  the  distribution  of  errors  about  the  monthly  average 
time  delay  is  nearly  Gaussian.  Modern  satellite  ranging  systems  which  re¬ 
quire  correction  for  the  effects  of  the  time  delay  of  the  earth’s  ionosphere 
need  continued  high  accuracy  ionospheric  time  delay  data  which  is  available 
from  the  Faraday  rotation  of  VHF  radio  waves  on  the  SIR10  satellite. 


1.  INTRODUCTION 

Modern  satellite  ranging  systems,  navigation 
and  satellite  radars,  and  satellites  used  for 
precise  time  transfer,  may  require  a  knowledge  of 
the  time  delay  of  the  earth’s  ionosphere  to 
attain  the  desired  system  accuracy.  The  retarda¬ 
tion  of  the  modulation  of  the  radio  wave  Imposed 
by  the  ionosphere  is  a  function  of  the  total  num¬ 
ber  of  electrons  encountered  by  the  radio  wave 
on  Its  passage  from  satellite  to  user  on,  or 
near,  the  ground.  The  amount  of  time  delay  caused 
by  the  ionosphere  can  be  expressed  as: 

.  40.3  TEC 


where 

At  is  the  time  delay  in  seconds 
TEC  is  the  Total  Electron  Content  In 
electrons/metcr?  column 
c  is  3.0  x  108  meters /second 
f  Is  the  frequency  of  the  signal  In  Hertz 

Values  of  Total  Electron  Content  (TEC)  range 
from  1016  to  perhaps  10*9  ui/m^  column.  Figure  l 
illustrates  the  amount  of  time  delay  imposed  by 
the  earth's  Ionosphere  on  radio  waves  as  a  func¬ 
tion  of  frequency  for  four  values  of  TEC.  Note 
that  time  delays  of  100  microseconds  can  be  en¬ 
countered  at  VHF,  and  delays  of  almost  a  micro¬ 
second  will  be  found  at  1.6  GHz. 

Since  the  ionosphere  Is  a  dispersive  medium  the 
amount  of  the  time  delay  is  an  inverse  function  of 
system  operating  frequency,  and  this  tact  can  he 
used  to  advantage  in  systems  which  require  the 
precise  correction  for  ionospheric  time  delay. 


Fig.  1.  Ionospheric  time  delay  vs  system  oper¬ 
ating  frequency  for  4  levels  of  TEC. 

The  NAVSTAR/Globa l  Positioning  System  (GPS)  de¬ 
scribed  by  (1|  is  an  example  of  a  two  frequency 
satellite  navigation  system  in  which  the  second 
system  operating  frequency  is  used  to  automati¬ 
cally  correct  for  the  ionospheric  first  order  time 
d  e 1 ay . 

Other  advanced  satellite  ranging  systems  may 
not  be  able  to  use  a  two  frequency  automatic  cor¬ 
rection  method  and  must  either  use  monthly  average 
ionospheric  model  values  of  TKC  or  may  make  no 
correction  at  all  for  the  ionospheric  time  delay 
effects.  In  this  paper  we  will  describe  the  vari¬ 
ability  of  the  ionospheric  TEC  in  the  Mediterranean 
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region  for  the  current  solar  maximum  period,  for 
use  by  satellite  systems  design  engineers  and 
others  who  wish  to  know  the  magnitude  of  ion  » 
spheric  time  delay  on  their  system.  The  current 
solar  maximum  is  approx  ornately  50Z  highei  than  an 
average  solar  maximum  and  is  likely  a  worst  case 
solar  cycle  for  systems  engineering  planning 
purposes. 

2.  THE  EXPERIMENTAL  DATA  BASE 

Total  Electron  Content  data  used  in  this  report 
was  obtained  from  measurements  of  Faraday  rotation 
of  linearly  polarized  VHF  telemetry  radio  waves 
transmitted  from  the  SIRIO  geostationary  satel¬ 
lite.  The  SIRiO  satellite  was  launched  as  an  ex- 
perime'  *:al  advanced  concept  contnunlcations  satel¬ 
lite  by  the  Italian  National  Research  .jcacii. 

The  measurements  were  taken  at  Athens,  Greece, 
)7.^7°N  lat . ,  23. 72dE  long.,  viewing  the  SIRIO 
satellite  in  a  direction  of  30.6°  elevation, 

232. b°  azimuth.  The  equivalent  location 
in  the  ionosphere  which  is  commonly  used  In  re¬ 
presenting  trans- ionospheric  propagation  data  was 
taken  at  a  height  of  420  kilometers,  and  was  lo¬ 
cated  at  34.5°N,  18.4°E.  Values  of  measured 
Faraday  rotation  were  converted  to  equivalent  ver¬ 
tical  TEC  using  the  stand,  rd  method  described  by 

i-i  • 

Faraday  rotation  is  a  measure  of  TEC  only  to  an 
approximate  height  of  2000  to  3000  kilometers. 
There  is  an  additional  small  contribution  to  TEC 
duo  to  electrons  above  this  height,  f rcra  a  region 
called  variously  I  he  plasmasphore  or  protono- 
■iple-ie.  This  addition'll  contribution  to  TEC  is 
esliiMtrd  to  be  only  10  to  1 5  percent,  at  least 
during  the  daytime  period  when  the  absolute  values 
oi  TEt  are  highest.  In  this  report  we  have  only 
used  the  contribution  to  total  time  delay  due  to 
the  Fur. id;*,’  effect. 

While  values  of  Faraday  polarization  rotation 
ate  taken  continuously  from  the  Athens  station, 
they  are  induced  to  equivalent  vertical  TEC  data 
only  at  lb  minute  intervals,  which  is  adequate 
for  most  engineering  purposes.  Data  for  five 
months  his  been  compLLed  and  monthly  averages  and 
statistical  values  for  these  months  are  repre¬ 
sent,  d  here. 

J.  RESULT 

An  immediate  familiarization  with  the  monthly 
variability  of  ionospheric  time  delay  can  be  ob¬ 
tained  bv  examining  the  plots  shown  in  Figures  2 
_hr i High  0.  In  thus*  figures  diurnal  curves  of 
rr<.  ar**  plotted  versus  time  for  all  days  of  each 
month.  'I  hi*  si  .it  for  from  day  to  day  about  a 
monthly  ine.irj  ci.r\ e  ran  he  seen  easily  In  the 
t  ignres.  '.liit*1  ttiat  flu*  absolute  Values  ol  TEC  art 
highest  in  mld-ut ternoon ,  and  are  Lowest  in  the 
late  night  hours.  Note  also,  that  the  seasonal 
behavior  shows  highest  v.i’ues  in  March,  with  low¬ 
est  values  occur  ring  in  June.  Th*-  data  lllus- 
'rated  in  Figures  2  through  b  are  i epresentat ive 
of  all  the  seasons  of  a  solar  maxi  tin  :i:i  year,  and 
can  be  taken  by  systems  design  engineers  as  typi¬ 
cal  behavior  of  ionospheric  time  delay  for  the 
Mediterranean  region  tor  this  solar  maximum  period 
19/8-79.  Corresponding  values  of  TEC  during  a 
so!  *r  minimum  period  would  be  approximately  one- 
third  to  one-quarter  as  high  as  those  illustrated 
her*.  . 

In  Figure  7  the  percentage  standard  deviation 
of  individual  TEC  daily  valuts  iron  the  hourly 
me. in  values  lor  Che  f  iv  •  months  1*.  plotted.  As 
can  also  be  seen  irum  tie  monthly  TEC  data  over - 
plots  shown  in  Figures  2  S  the  standard  deviation 
of  the  daytime  data  i^  greatest  during  the  month 

j  •  ■  i*  *j  .  h  * -t 1  ■ « .  * ji;  r .  viiiij 


of  April.  Standard  deviations  are  more  important 
during  the  daytime  periods  as  the  greatest  abso¬ 
lute  values  of  TEC  occur  during  those  hours.  The 
greatest  percentage  standard  deviations  occur 
during  the  early  morning  hours  of  March  and  April, 
but  these  values  are  relatively  unimportant  due  to 
the  very  low  absolute  TEC  values  during  those 
hours . 


U.T  • 

Fig.  2.  Monthly  overplot  of  TEC  vs  UT  st  Athens, 
Greece  for  December,  1978. 

FIr.  3.  Same  as  Fig.  2  for  March,  1979. 

Fig.  4.  Same  as  Fig.  2  for  April.  1979. 
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U.T  . 

Fig.  5.  Monthly  overplot  of  TEC  vs  UT  as  Athens, 
Greece  for  June,  1979. 

Fig.  6.  Same  as  Fig.  5  for  September,  1979. 


T£C  PfftCFNTAGC  STANDAftO  OCVtATION 
ATHENS 


itfxm  im 

Fig.  7.  Percef.  standard  deviation  of  TEC  vh  UT 
for  me  :ths  indicated  for  Athens,  Greece. 

During  the  daytime  hours  the  percent  standard 
deviation  from  monthly  average  values  is  highest 
during  the  month  of  April  1979  and  lovest  during 
the  preceding  month  of  March  1979.  In  Figure  8 
we  have  plotted  the  Ap  dally  index  of  planetary 
magnetic  activity  for  those  two  months  and  we  1  i rid 
that  there  were  several  periods  oi  magnetic 
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Fig.  8.  Dally  average  magnetic  Ap  indices  for 
March-April  1979. 


activity  during  March.  There  was  an  extended 
period  of  relatively  quiet  magnetic  conditions 
during  the  April  6  through  20  period,  followed  by 
generally  very  disturbed  conditions  from  21  April 
through  the  end  of  the  month.  The  greatest 
changes  In  TEC  from  monthly  average  behavior  gen¬ 
erally  occur  during  magnetically  disturbed 
periods,  but  the  difference  in  magnetic  activity 
between  the  months  of  March  and  April  was  not 
great  enough  to  account  for  the  large  difference 
in  standard  deviation  observed  in  the  TEC  hourly 
daytime  values  for  these  two  months.  A  more  like¬ 
ly  explanation  for  these  observed  differences  in 
standard  deviation  is  that  the  normal  seasonal 
changes  from  winter-llke  to  summer-like  TEC  di¬ 
urnal  behavior  occur  during  the  month  of  April. 
Those  seasonal,  changes,  along  with  magnetic  acti¬ 
vity,  are  likely  responsible  for  the  observed 
greater  standard  deviations  in  TEC  during  April- 
Another  important  measure  of  the  dally  differ¬ 
ence  from  monthly  average  TEC  values  is  the  dis¬ 
tribution  of  the  differences.  The  standard  de¬ 
viation  applies  to  a  normal,  or  Gaussian,  distri¬ 
bution  of  differences  from  monthly  mean  values, 
but  just  how  close  to  a  Gaussian  shape  are  these 
differences?  In  Figure  9  the  distribution  of  the 
difference  from  mean  TEC  hourly  values  for  the 
1000  to  1400  UT  time  interval  is  plotted  for  the 
month  of  March  1979.  Also  plotted  in  the  same 
figure  is  a  Gaussian  curve  with  a  standard 
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Fig.  9.  Distribution  of  differences  from  mean 
hourly  TEC  values  for  Athens,  Greece, 
March,  1979,  1000-1400  UT.  Dashed  curve 
Is  a  gauss lan  curve  of  standard  deviation 
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deviation  of  9  TEC  units.  It  can  be  seen  that 
the  observed  distribution  is  approximately 
Gaussian,  with  perhaps  more  actual  values  on  the 
negative  side  than  a  Gaussian  curve.  Figure  10 
shows  the  differences  from  mean  TEG  for  the  month 
of  April  1979.  In  this  month  the  actual  values 
depart  more  significantly  from  Gaussian  shape, 
both  for  large  negative  differences  and  for 
smaller  positive  differences.  In  general,  the 
distribution  of  day-to-day  differences  of  TEC 
from  monthly  average  values  is  nearly  Gaussian, 
or  at  least  can  be  assumed  to  be,  for  most  systems 
engineering  study  purposes. 
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Fig.  10.  Distribution  of  differences  from  mean 

values  of  TEC  taken  at  15  min  intervals 
for  Athens,  Creece,  April,  1979,  1000- 
1400  UT.  Dashed  curve  is  a  gaussian 
curve  of  standard  deviation  15.0. 

In  addition  to  the  measures  of  monthly  mean 
and  standard  deviation,  either  expressed  in  per¬ 
cent  or  in  absolute  value  of  TEC  units,  it  is 
also  important  to  know  the  extreme  limits  of  the 
data.  In  Table  1  are  presented  the  complete  sta¬ 
tistics  of  monthly  TEC  behavior  for  the  five 
months  typical  of  the  various  seasonal  changes  in 
the  Mediterranean  region  during  solar  maximum 
Ionospheric  conditions.  Presented  in  Table  1  are 
hourly  values  for  the  mean,  standard  deviation, 
percentage  standard  deviation,  minimum  and  maxi¬ 
mum  values  for  each  hour,  and  the  upper  and  lower 
quartlles  and  deciles.  Finally,  for  each  hour  of 
the  statistics,  the  count  of  number  of  values  is 
given. 

4.  CONCLUSIONS 

The  effects  of  the  time  delay  of  the  earth's 
ionosphere  may  be  Important  for  precise  satellite 
ranging  systems.  For  the  Mediterranean  region  for 
solar  maximum  conditions  we  have  presented  stat¬ 
istics  for  the  behavior  of  the  ionospheric  TEC. 
which  Is  proportional  to  time  delay.  The  devia¬ 
tions  from  monthly  mean  conditions  are  approxi¬ 
mately  15  to  25  percent  during  the  daytime  periods 
when  absolute  values  of  time  delay  are  largest. 

The  dlstrlbut ion'of  diffeienc.es  from  monthly  mean 
values  is  approximately  Gaussian.  The  availabil¬ 
ity  of  linearly  polarized  VMF  telemetry  signals 
from  the  Italian  SIRI0  satellite  has  made  these 
measurements  possible,  and  continued  transmissions 
from  the  SIRI0  satellite  are  necessary  if  more 
data  Is  to  be  gathered  on  the  downward  side*  of  the 
solar  cycle. 
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